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Objectives: This research aimed to characterise the physico-chemical 
interaction of bioactive glass 45S5 (BAG) air-abrasion with human enamel 
including the controlled and selective removal of substrates and the 
remineralisation of enamel white spot lesions (WSLs).  
Materials and methods: The effect of six operating parameters on air-abrasion 
dynamic cutting efficiency / patterns was assessed using an enamel analogue 
material (MacorTM) and white light profilometry. Standardised resin composite 
restorations created within MacorTM blocks, were removed in simulated clinical 
conditions and scanned using triangulation laser profilometry to investigate the 
effect of operating parameters on the selective resin composite removal using 
BAG air-abrasion. The remineralisation of artificial enamel WSLs treated using 
BAG mixtures were evaluated using Raman micro-spectroscopy, microhardness 
and scanning electron microscopy (SEM) coupled with energy dispersive X-ray 
spectrometry (EDX). The physical and optical changes in WSLs pre-conditioned 
using air-abrasion with BAG-polyacrylic acid (PAA-BAG) powder were detected 
using non-contact profilometry and optical coherence tomography (OCT). All 
comparisons were considered statistically significant if p<0.05. 
Results: Significant differences in air-abrasion cutting efficiency / pattern were 
observed according to the tested parameters. BAG air-abrasion removed resin 
composite more selectively than conventional alumina air-abrasion and the effect 
of altering the unit’s operating parameters was significant. Enamel WSLs treated 
with BAG mixtures exhibited a significantly higher Knoop microhardness 
compared to the negative control. Raman micro-spectroscopy detected 
significantly higher phosphate content and the SEM images revealed mineral 
depositions on the surface of treated lesions. Pre-conditioning WSL surfaces with 
PAA-BAG air-abrasion increased WSL surface area. This pre-treatment 
increased Knoop microhardness and the mineral content of remineralised WSLs.        
Conclusions: The ultraconservative clinical applications of BAG air-abrasion 
can be improved by altering the operating parameters. BAG and PAA-BAG can 
remineralise enamel WSLs. Pre-conditioning the lesion surface with PAA-BAG 
air-abrasion modifies the lesion surface physically and consequently enhances 
remineralisation using BAG 45S5 therapy.  
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The improved understanding of dental caries activity with the advances in 
adhesive restorative material science has paved the way for the introduction of 
minimally invasive dentistry (MID) (Tyas et al., 2000; Peters and McLean, 2001a). 
Thereby, the traditional philosophy of caries management using conventional 
operative intervention, established by Black (1920), has been replaced by a 
minimal intervention approach that extols the “prevention of extension” concept 
(Burke, 2003). The clinical translation of MID includes the use of remineralisation 
strategies to reverse the demineralisation process non-operatively (Mount, 2007; 
Featherstone, 2009), and the excavation of irreparable carious tissues with 
maximum tissue preservation (Banerjee, 2013). Different operative technologies 
have been proposed for less invasive and more selective tooth preparation, 
including air-abrasion. 
 
This thesis aims to characterise the physico-chemical interaction of bioactive 
glass (BAG) air-abrasion with human enamel to enhance the use of this 
technology as an operative technique in minimally invasive dentistry. Figure i-1 
outlines the overall structure of this study in term of the relation to the MID 
concepts. The experiments were divided into two main sections. The first section 
was dedicated to the study of the cutting characteristics of BAG air-abrasion. This 
was initiated by calibrating the air-abrasion system including the characterisation 
of the abrasive powders and the validation of the unit’s operating parameters 
(Chapter 2). The effect of six air-abrasion operating parameters on the cutting 
efficiency / pattern was assessed in Chapter 3 in a dynamic cutting mode in order 
to mimic the clinical situation. Another study was conducted in Chapter 4 to 
assess the effect of three clinically adjustable air-abrasion operating parameters 
on the selective removal of resin composite restorative material, an important 
clinical procedure in Restorative Dentistry. 
 
The second section of this thesis focuses on the remineralisation of artificial 
enamel white spot lesions using BAG 45S5 technology. Therefore, a study was 
conducted in Chapter 5 to assess the effect of BAG 45S5 mixtures on enamel 
WSL remineralisation through chemical, mechanical and ultra-structural 
assessments. The last experiment chapter, Chapter 6, evaluated the effect of 
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pre-conditioning enamel white spot lesion surfaces using BAG air-abrasion 
technology on the subsequent remineralisation therapy. In Chapter 7, the findings 
of the both experimental sections were considered, generally discussed and 
concluded with a suggested future work for potential areas of research 
continuation. Figure i-2 represents the experiments accomplished in this project 








BAG     +         Air-abrasion  















Controlled /Selective               
preparation 
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Figure i-1: Organisational flowchart of the overall structure of this thesis in relation to minimally 




Figure i-2: Organisational flowchart of the experiments accomplished in this study with the 
analytical methods employed. 
 
 
BAG air-abrasion in MID








































Chapter 1 Literature Review  
1.1 BAG Air-abrasion system  
 
Flowchart of the literature review structure in this thesis. 
 
 
1.1.1 Air-abrasion  
Minimally invasive dentistry (MID) advocates the maximum preservation of intact 
and reparable dental tissues by minimising the unnecessary cutting of sound 
tooth structure (Peters and McLean, 2001a). This has stimulated new 
approaches for cavity design and tooth-cutting concepts. In order to meet MID 
concepts and to overcome the limitations of conventional rotary instrumentation, 
several technologies have been suggested to be used in clinical restorative 
dentistry, including air-abrasion. Table 1-1 outlines the clinical operative 
technologies available with their main features.  
 
Air-abrasion is a non-mechanical method of cutting tooth tissue which employs 
the use of kinetics to micro-chip away the surface of hard tissues. This technology 
was developed by Black in 1945 to find an alternative method to the conventional 
slow-speed handpiece (Black, 1945). The use of air-abrasion then declined at 
that time due to three factors. Firstly, it could not produce cavities with clear 
surfaces and sharp internal line angles required for classical amalgam 
















gained popularity rapidly, and finally high velocity suction had not yet been 
invented (White and Eakle, 2000).  
 
This technology has recently gained renewed interest and reassessment due to 
three main factors (Banerjee and Watson, 2002): 
1. The potential of newly developed powders to selectively remove diseased 
dental hard tissues and thus enhance the preservation of healthy tooth 
tissues during tooth preparation. 
2. The widespread use of aesthetic restorations which rely on adhesive 
techniques and suitable cavity margin conditioning for their retention.  
3. The advance in technologies designed to reduce the overspill and spread 
of aerosolised powder in the dental surgery. 
 
In an air-abrasion system, the mechanical energy of the equipment is converted 
into kinetic energy, so charging the abrasive particles as they are emitted from 
the nozzle. Thus, the mechanical energy is not applied directly to the targeted 
surface (as in conventional instrumentation), but is firstly converted into kinetic 
energy. The abrasive particles are too small to create a sufficient impact that can 
be easily detected by the patient (Black, 1950). The term Kinetic energy was 
coined by Lord Kelvin and is defined mathematically by the following equation; 
(EK=1/2 MV2; M: the mass, V: the speed of particles) (Laurell and Hess, 1995). 
The transfer of kinetic energy of particles at the surface causes chipping rather 





























1. Defines precise cavity shape, 
margins and angles.  
2. Widely available at low cost.   
   
1. Generates pressure against the 
tooth surface. 
2. Bone-conducting vibration. 
3. Noise from air-turbine. 
4. High temperatures at the cutting 
surface. 
5. Ineffective in the self-selective 
removal of carious tissues. 




(Peters and McLean, 
2001b) 














1. Eliminating of pressure applied 
against the tooth surface, bone 
vibration and rise in temperature. 
2. Considered a pain-free technique. 
3. Effective diagnostic and therapeutic 
use for management of early fissure.  
1. Risk of over-preparation. 
2. Scattering of the powder. 
3. Technique dependent upon inter-
related operating parameters. 
4. Ineffective in removing some 
restorative materials such as 
amalgam.  
5. The use of intraoral mirror is difficult. 
(Yip and 
Samaranayake, 1998) 
(Banerjee et al., 
2000b) 
(White and Eakle, 
2000) 
(Rafique et al., 2003) 
(Paolinelis et al., 
2009) 











1. Useful for domiciliary treatment of 
mentally or physically handicapped 
patients. 
2. Offers best tactile control. 
3. No temperature generation.    
1. Limitation in providing access to 
cavity to manage the carious lesion.  
2. The cavity access significantly 
affects the efficacy of caries removal. 
3. Over-preparation. 
4. Slower than other methods.   
Peters and McLean, 
2001b) 
(Flückiger et al., 2005) 
(Celiberti et al., 2006) 
(Navarro et al., 2008) 





















1. Differential removal of the outer 
irreparable layer of dentine (infected 
tissue) caries leaving the reparable 
inner layers (affected tissue). 
2. Minimal cavity preparation is 
required.  
3. Reduced smear layer created. 
4. Good option in treating deep 
lesions in an attempt to minimise pulp 
exposure.  
5. Offers an efficient tool for the 
removal of root caries.  
1. Relatively long procedure. 
2. Other preparation methods are still 







(Banerjee et al., 
2000b) 
(Fure et al., 2000) 
Peters and McLean, 
2001b) 














1. Minimises noise, heat and pressure 
compared to rotary instrumentation. 
2. Better preparation of marginal 
bevels compared to hand 
instruments. 
3. Less damage to the dental pulp 
tissue in comparison to the high-
speed air-turbine bur. 
 
1. Poor visibility. 
2. Ineffective in removing some 
restorative materials such as 
amalgam. 
3. More evaluation and clinical trials 
are still required.  




(Lee et al., 2013) 
















1. Sterilises as it ablates. 
2. Sealing dentine tubules reducing 
the possibility of postoperative 
sensitivity. 
3. Less pain throughout the procedure 
was documented. 
1. High-cost which limits its use in 
general dental practice. 
2. Its cutting efficiency depends on 
different factors such as wavelength, 
intensity, pulse and duration. 
3. A large amount of unexcavated 
decayed tissues reported.  
4. Low caries removal effectiveness, 
with highly variable results. 
5. More evaluation and clinical trials 




(Burns et al., 1995) 




(Celiberti et al., 2006) 






The use of air-abrasion as an operative technique in Restorative Dentistry 
reduces the pressure applied against the tooth surface, the bone vibration and 
the rise in tissue temperature and consequently, reduces the unpleasant 
characteristics associated with the use of conventional rotary instruments (Black, 
1950). Early data obtained by preparing 1,914 cavities on 1,141 patients showed 
that when air-abrasion was used in cavity preparation, 50.3% of the patients 
reported no pain, 40.6% reported mild pain and 9.1% suffered from severe pain 
(Myers, 1954). Another clinical trial, using the Modified Dental Anxiety Scale to 
assess patients’ anxiety levels, showed that 75% of the patients were satisfied 
with using air-abrasion whilst 91% expressed some level of anxiety at the 
prospect of using conventional rotary instruments (Rafique et al., 2003).   
 
Laurell and Hess (1995) described the characteristics of cavities prepared using 
air-abrasion and examined using scanning electron microscopy (SEM); three 
main features were recognised including rounded cavo-surface margins and 
internal line angles, a halo of abraded enamel surrounding the cavity outlines and 
a microscopic roughness of the treated enamel. These features provide the 
typical contours and surface finish required for modern dental adhesive materials. 
Banerjee et al. (2000a) characterised the surface finish of carious dentine 
excavated using air-abrasion and reported a featureless, stippled surface 
resulting from the retention of abrasive particles of different sizes, onto the 
abraded surface. The use of air-abrasion does not produce a smear layer that 
consists of debris remaining on the surface after cavity preparation and requires 
further removal prior to restoration placement (Los and Barkmeier, 1994).  
 
Air-abrasion is a sensitive technique dependent upon parameters different from 
those affecting conventional rotary cutting. Several inter-related operating 
parameters have been reported in the literature (Bailey and Phillips, 1950; Myers, 
1954; Laurell and Hess, 1995; Cook et al., 2001; Santos-Pinto et al., 2001; 
Peruchi et al., 2002; Paolinelis et al., 2009). In order to simplify and organise 
these parameters, a ternary powder-operator-unit parameters diagram is 
included (Figure 1-1). The parameters controlled by the operator include the 
nozzle angle, nozzle-substrate distance and nozzle movement speed. The 
second group of parameters are the built-in physics and mechanics of the 
equipment which includes the powder-air admix mechanism, powder flow rate 
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(PFR), powder volume reservoir, nozzle output pressure and water shrouding the 
powder stream. The third group of parameters is related to the abrasive powders 
used.          
  
 
Figure 1-1: Schematic figure explains the main three categories of air-abrasion clinical operating 
parameters. The first group is related to the operator, the second is correlated to the air-abrasion 
unit and the third category is designed around the powder. 
 
For the optimal use of this technology in minimally invasive dentistry (MID), the 
abrasive powder should be harder than carious dental tissues and at the same 
time softer than intact healthy tissues (Horiguchi et al., 1997). Alumina powder 
introduced by Black (1945) is still the most commonly used abrasive powder due 
to its favourable characteristics including chemical stability, low cost, a neutral 
colour and most importantly, that it’s freely flowable. On the other hand, the 
fundamental limitation of using alumina air-abrasion is that the cutting rate of 
sound enamel and dentine is much faster than the cutting rate of carious enamel 
or dentine (Epstein, 1951). This early observation was supported by further 
studies using more advanced assessment methods. Cook et al. (2001) used real-
time confocal imaging to observe air-abrasion cutting characteristics using 27 µm 
alumina particles. Here, it was reported that the deeper sound dentine was cut 
faster than the decayed tissues, even when further from the nozzle orifice. This 
cutting property of alumina leads to undesirable over-preparation of healthy tooth 















in cutting carious dental tissues may be due to the penetration of the heavy 
particles into the soft carious surface, so losing their kinetic energy.            
     
In order to improve air-abrasion cutting efficiency with respect to caries removal, 
alternative powders were introduced such as dolomite, chalk, glass beads, 
crushed glass powder, crushed polycarbonate resin and 45S5 bioactive glass 
(BAG) (Bailey and Phillips, 1950; Black, 1955; Horiguchi et al., 1997; Paolinelis 
et al., 2008). The use of BAG air-abrasive powder may exhibit the following 
benefits:  
1. Its potential to remove selectively more softened diseased or damaged 
tooth structure due to its reduced hardness (458 VHN; Vicker’s hardness 
number) (Hench and Wilson, 1993), compared to that of alumina (2100 
VHN) (Banerjee et al., 2011a).  
2. Its potential to enhance the remineralisation of carious tissues as a 
consequence of its reactivity process which forms a hydroxycarbonate 
apatite (HCA) layer grown on the surfaces of reacted BAG particles (see 
Section 1.1.2.2; p: 34).   
3.  Its potential for antibacterial effects against certain oral bacteria species, 
including those associated with caries and periodontal diseases such as 
Streptococcus sanguis, Streptococcus mutans and Actinomyces viscosus 
(Stoor et al., 1998; Allan et al., 2001). 
 
It has been shown that using 45S5 BAG as an air-abrasive powder resulted in 
more conservative cutting characteristics compared to the alumina, but still 
removed a quantity healthy dental tissues (Banerjee et al., 2008a; Paolinelis et 
al., 2008). Therefore, using bioactive glass powder with different particle 
hardness, size and formulation were suggested to promote the use of this system 
in MID. Substituting Na2O for CaO in (SiO2–P2O5–CaO–CaF2–Na2O) bioactive 
glass system caused a pronounced decrease in glass hardness, resulting in a 
considerably longer cutting time by air-abrasion (Farooq et al., 2013). Using 
bioactive glass powder containing PAA (15 wt.% or 40 wt.%) to treat dentine 
using air-abrasion technology reduced the micropermeability between the 
dentine and the adhesive layer in-vitro, and might be a suitable strategy to 
enhance bond durability (Sauro et al., 2012b). The concentrations of PAA powder 
were selected to modulate the cutting efficiency of bioactive glass air-abrasion 
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systems. Adding PAA to the system increases the presence of carboxyl acid 
groups at the resin-adhesive interface, which in turn may bind the water 
preventing water sorption into adhesive layer improving the microtensile bond 
strength after a prolonged storage in phosphate buffered solution (PBS) (Sauro 
et al., 2012b; Sauro et al., 2012c). In fact, adding PAA to bioactive glass powder 
for use in air-abrasion technology, not only modulates the cutting efficiency of the 
system and improves the prolonged bond performance of modern self-etching 
adhesives, but also may interact in the remineralisation process of demineralised 
dental tissue. This is due to PAA mimicking the non-collagenous matrix protein-
1 (DMP1) function in binding calcium phosphate, and its use with bioactive 
Portland cement (Dentsply Tulsa, Tulsa, OK, USA) formed amorphous calcium 
phosphate mineral precipitations small enough to penetrate the collagen matrix 






















1.1.2 Bioactive glass  
1.1.2.1 Bioactive glass compositions 
A “bioactive material” was defined by Hench and co-workers as one “that elicits 
a specific biological response at the interface of the material which results in the 
formation of a bond between the tissue and material” (Hench, 1991). The first 
bioactive glass (BAG) was termed “45S5 Bioglass®” with a chemical composition: 
45 wt.% SiO2, 24.5 wt.% Na2O, 24.5 wt.% CaO and 6 wt.% P2O5 (Hench et al., 
1971). Thereafter, a series of glasses of this four-component system have been 
studied. Figure 1-2 represents a ternary SiO2-Na2O-CaO diagram, with a 
constant six weight percentage of P2O5, establishing the bioactive-bonding-
boundary of compositions. Glasses with silica content up to 52 wt.% bond with 
both bone and soft tissues, whilst those with silica content between 52 and 58 
wt.% bond only with the bone (region A). When the silica content extends past 60 
wt.%, the glasses behave as nearly-inert materials due the increased number of 
bridging oxygen ions which reduce the network dissolution rate (region B). The 
compositions with a silica content of less than 40 wt.% are not technically 
practical and have not been implanted (region D) (Hench and Wilson, 1993).    
 
 
Figure 1-2: Compositional dependence (in weight percent) of bone and soft tissue bonding of 
bioactive glasses and glass-ceramics. All compositions in region A have a constant 6 wt.% 
content of P2O5. The area inside the dashed line where IB >8 exhibits soft tissue bonding. (*) 45S5 




The role of phosphate in BAG composition is not necessary to form a 
hydroxycarbonate apatite (HCA) layer and the glass surface absorbs phosphate 
ions from the surrounding solution. P2O5-free CaO-SiO2 glasses form surface 
apatite layer and bond to living bone (Kokubo, 1990). Bioactive glasses exhibit 
an amorphous two-dimensional network, whereby the SiO2 acts as a network 
former and the CaO, Na2O as network modifiers (Figure 1-3).  
 
 
Figure 1-3: Schematic structure of a random glass network composed of network formers (SiO2) 
[taken from Hench & Wilson (1993)]. 
 
1.1.2.2 Reaction kinetics 
The chemical reactivity of BAG in the presence of aqueous solutions lead to the 
formation of a HCA layer to which bone and soft tissues can bond (Hench et al., 
1977; Wilson et al., 1981). The interface between the bioactive implant and bone 
tissue is similar to that between bone and tendons / ligament whereby the 
collagen fibrils produced by osteoblasts are incorporated within polycrystalline 
agglomerates during the reactive process (Hench and Paschall, 1974).  
 
The process of the apatite layer formation involves the following fives reaction 
stages (Hench and Wilson, 1993):                                                                                                                                              
1. Rapid exchange of Na+ or K+ with H+ or H3O+ of the solution:  
Si − O − Na+ + H+  + OH− → Si − OH+ + Na+(solution) + OH−  
This is a rapid stage as the exchanged cations are part of network 
modifiers rather than network formers. The cation exchange causes an 
increase in the interfacial pH to values >7.4.   
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2. Loss of soluble silica in the form of Si(OH)4 to the solution, resulting in 
breaking of Si-O-Si bonds and formation of Si-OH (silanols) at the glass-
solution interface: 
Si − O − Si + H2O → Si − OH + OH − Si 
 
3. Condensation and rearrangement of Si-OH to form the silica-rich layer on 
the glass surface: 
                        O                        O                  O           O 
                         I                        I                    I            I   
O − Si − OH + OH − Si − O → O − Si − O − Si − O + H2O 
                               I                         I                    I            I 
                              O                        O                   O           O 
 
The silica-rich layer acts as a template for calcium and phosphorous 
precipitation and supplies the correct atomic distance required by crystal 
structure of bone apatite. In addition, this layer acts as a barrier to further 
cation exchange (Hench, 1988). The role of this layer is very important in 
the bioactivity process and it has been shown that a pure hydrated silica 
gel induced apatite formation on its surface in a simulated body fluid (SBF) 
(Li et al., 1994). 
 
4. Migration of Ca2+ and PO43- groups, released from the glass with those of 
the solution to precipitate at the top of the SiO2-rich layer forming a CaO-
P2O5 -rich layer.  
 
5. Crystallization of the amorphous CaO-P2O5 layer by incorporation of OH-,   
CO32-, or F- anions from solution to form a mixed hydroxyl, carbonate, 
fluorapatite layer.  
 
The kinetics of reaction stages 1-5 do not depend on the presence of tissues, but 
on the glass and on the solution compositions and therefore, the formation of a 
HCA layer can be detected in distilled water, Tris buffer solution and simulated 
body fluid (SBF) (Hench and Wilson, 1993). Hench et al. introduced a quantitative 
method to rank the bioactivity, known as the Index of Bioactivity (IB) and defined 
as “the time required for more than 50% of the interface to be bonded”; IB= 100 / 
(time taken to achieve 50% of interface bonding) (Hench, 1988). Table 1-2 
represents the bioactivity index value of some bioactive ceramic materials.  
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 Table 1-2: IB values for various bioceramics (Hench, 1988): 
 
Bioactive material  
 
 
Index of Bioactivity (IB) 
45S5 BAG 12.5 
55S4.3 BAG 3.7 
A/W glass-ceramic 5.6 
HA 3.1 
 
1.1.2.3 Bioactive glass processing 
Bioactive glass processing includes melting and sol-gel methods. The sol-gel 
method presents the advantages of low processing temperatures and ease of 
control of the textural properties (Hench and West, 1990). Sol-gel-derived 
glasses exhibit higher surface area and porosity compared to the melt-derived 
glasses (Sepulveda et al., 2001). On the other hand, melting is a simple, low-cost 
technique, where the raw materials are melted at 1300-1450o C for 4 hours using 
a platinum crucible. The melt is then quenched in water producing a frit which in 
turn, is ground into powder using air collision techniques, and sieved using ISO-
standard sieves to get the required particle size (Hench and Wilson, 1993). The 
surface area and thus the dissolution rate of melt-derived particles can be 
controlled by changing the particle size range (Sepulveda et al., 2001). 
 
Following BAG processing, different features should be characterised such as 
the chemical composition, the microstructure, the size / shape of particles and 
the phase state to assure that the product is amorphous. The most important 
procedure following BAG processing is the bioactivity test which is conducted to 
detect whether glass bioactivity is not affected adversely by processing 
procedures (Hench, 2013b). A standard bioactivity test has been long established 
in the literature to validate this property using Fourier transform infrared 
spectroscopy (FTIR). The tested material is immersed in a Tris (hydroxymethyl) 
aminomethan buffered solution for 20 hours at 37o C (Warren et al., 1989). This 
test measures the ratio between the sample’s silicon-oxygen-silicon peak at     
475 cm-1 to the newly formed HA peak at 560 cm-1 which appears if the sample 
is bioactive. The ratio measurement is compared with a known standard value 
and the powder is accepted or rejected according to specific criteria, addressed 




Figure 1-4: FTIR spectrum of BAG 45S5 immersed in Tris buffer solution for 20 hours. (I1): the 
intensity of HA peak (P1). (I2): the intensity of silicon peak (P1). (IB): the minimum intensity between 
P1 and P2. 
 






P1 Peak maxima of FTIR signal between wave numbers 580 cm-1 and 535 cm-1 
P2 Peak maxima of FTIR signal between wave numbers 490 cm-1 and 425 cm-1 
I1 Intensity of P1 
I2 Intensity of P2 










532<P1<580 P1>580 or P1<535 
AND Q1≤5 OR Q1≥5 
 
Cation release energy and structural density measurements can also help in 
evaluating the bioactivity of SiO2-based glasses (Arcos et al., 2003). The 
activation energy (Ea) of soluble Si(OH)4 is measured from the slope of the curve 
that represents the silicon concentrations as a function of soaking time, whilst the 
structural density of the tested sample is measured from the FTIR spectrum 
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1.1.2.4 Bioactive glasses: clinical applications in dentistry 
Glass ceramic materials have been used in dentistry to regain masticatory 
function and improve aesthetic appearance (Hench, 2013b). These materials are 
able to match the aesthetic and mechanical properties of natural teeth and fulfil 
the dental restorative requirements of patients (Hench, 2010). The above 
applications do not require materials to be bioactive on the contrary to other 
clinical application, whereby the bioactive property of glasses is essential. 
Table 1-5 outlines the main application of BAG in dentistry. The use of BAG in 
enamel remineralisation has been discussed in more details in Chapter 5; p: 116 





































- Cones of 45S4 Bioglass® used to fill the defect in the jaw following the 
extraction of the teeth to reduce the continuous resorption of the lingual and 
buccal alveolar plates. 
 
- Special burs matching the dimensions of the cones can be used to prepare 
the bone bed for implant. 
 
- Cleared by the Food and Drug Administration (FDA) in 1988 
(Wilson et al., 1992) 





Particulate 45S5 BAG 
 
- Bone grafts to be used in tooth extraction sites. 
  
- Bone grafts to be used in alveolar ridge augmentation. 
 














Particulate 45S5 BAG 
 
- Particulate form of 45S5 Bioglass® (90-710µm) offers regenerative options for 
osseous treatment of periodontal disease without the biological complications 
associated with implanting auto- and xeno- grafts. 
 
- The ionic dissolution products of reacted bioactive glasses activate the cells 
to produce additional growth factors enhancing the tissue regeneration of bone. 
 
- It is recommended to use both a membrane and BAG particles to replace the 
lost bone with the soft tissue connections.  
 
- Cleared by the FDA in 1993 
















45S5 BAG particles 
 
- The role of BAG in the treatment includes: 
  1. Physically filing the open dentine tubules. 
  2. BAG particles bind to the exposed dentine due to strong attraction between 
the bioactive glass particles and dentine collagenous matrix ; type I collagen 
fibres (remnant particles exhibit long term effect) 
  3. The HCA structures grown on remnant particles provides a protective layer 
attached to the dentine surface.  
 
- Cleared by the FDA in 2004 



















(BAG 45S5 particles) 
 
- BAG abrasive powder has a potential to remove selectively more softened 
diseased or damaged tooth structure due to its reduced hardness compared to 
that of alumina, the most commonly used clinical abrasive powder.  
 
- The remnant particles on enamel / dentine surface may enhance the 
remineralisation. 
 
(Paolinelis et al., 
2008) 








- BAG treatment increases the Knoop microhardness of enamel. 
 
- BAG treatment forms a protective deposit layer covering the surface of treated 
carious lesion. 
(Alauddin et al., 
2005) 
(Burwell et al., 
2009b) 





(BAG 45S5 particles) 
 
- BAG containing adhesive may enhance the durability of the resin-dentine 
bonds. 
 
- This approach may reduce the micro-permeability between the dentine and 
adhesive layer, and prevent the demineralisation within dentine surface. 
 
(Sauro et al., 2012a) 
(Profeta et al., 2012) 
(Sauro et al., 2012b) 
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1.2 Substrates used in this thesis 
 




Macor™ is a glass-ceramic material used in this study as an enamel analogue to 
evaluate the operating parameters of BAG air-abrasion as well as the selective 
removal of resin composite restorative material. Its microstructure consists of an 
interlocked array of plate-like mica crystals (55 vol.% fluorophlogopite) dispersed 
within a glassy matrix (45 vol.% borosilicate glass). The chemical composition of 
MacorTM is 47.2 wt.% SiO2, 14.5 wt.% MgO, 16.7 wt.% Al2O3, 9.5 wt.% K2O, 8.5 
wt.% B2O3 and 3.6 wt.% F (Holand and Beall, 2012). This material exhibits similar 
mechanical proprieties to those of human dental enamel, compared and 
addressed in Table 1-6. Taira et al. (1990) evaluated the cutting behaviour of 
Macor™ using dental diamond burs and concluded, after assessing both the 
cutting speed and the cutting volume that this material represents a good enamel 
analogue compared to other materials such as apatite-containing glass ceramics 

























Human dental enamel 
Density 2.52 g cm-3 
(Carter and Norton, 2007) 
3.15 g cm-3 
(Elliott et al., 1998) 
Hardness 250 Knoop  
(Holand and Beall, 2012) 
250 - 290 Knoop  
(Meredith et al., 1996) 
Porosity 0% 
(Holand and Beall, 2012) 
1 - 2% 




(Holand and Beall, 2012) 
53,900 - 55.700 psi 
(Craig et al., 1961) 
 
In the dental literature, Macor™ was used to assess the cutting rate / efficiency 
of different operative technologies, and was considered a reliable substitute for 
enamel, in this regard, since it behaves similarly to human dental enamel during 
the cutting process (Wilwerding and Aiello, 1990; Gureckis et al., 1991; Siegel 
and von Fraunhofer, 2000; Ercoli et al., 2009; Paolinelis et al., 2009; Cristofaro 
et al., 2013; Bae et al., 2014). The use of MacorTM provides consistent hardness 
throughout air-abrasion cutting assessment, a critical factor in studying the 
cutting rate of operative techniques. The hardness of biological enamel samples 
varies from person to person and is a depth-dependent within the same tooth due 
to histological heterogeneity (Meredith et al., 1996; Maupomé et al., 1998; 
Wongkhantee et al., 2006). Using Macor™ blocks also provides a reliable, flat 
surface as a target substrate for air-abrasion cutting and subsequent objective 
analysis using optical surface profilometry, a “gold standard” method in assessing 
tissue surface loss (Field et al., 2010). The maximum sensitivity and accuracy of 
profilometry can only be achieved using flattened, polished samples (Schlueter 
et al., 2011). 
 
1.2.2 Resin composite  
Dental resin composites were introduced to provide an aesthetic adhesive direct 
restorative material suitable for restoring anterior teeth (Bowen, 1962). Significant 
changes and developments have occurred to improve the mechanical and 
aesthetic properties of the resin composites further, promoting their clinical 
performance (Ferracane, 2011). Generally, dental resin composites are 
composed of three main components, addressed with the chemical compositions 
highlighted in Table 1-7. Dental resin composites can be classified according to 
the fillers used into macrofill (10-50 µm), microfill (40-50 nm), nanofill (5-100 nm),  
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microhybrid (10-50 µm+40 nm), midifill (1-10 µm+40 nm) and minifill (0.6-1 
µm+40 nm) composites (Ferracane, 2011). 
 
























Chemically cured: benzoyl peroxide-amine 
(Stansbury, 2000) 
Stabiliser Hydroquinone monomethyl ether 
(García et al., 2006) 
2 Inorganic fillers Radiopaque glass, quartz and  zirconia  
(Klapdohr and Moszner, 2005) 





1.2.3.1 Enamel structure    
Enamel is an acellular tissue which does not retain its formative cells in the role 
of cell maintenance (Berkovitz et al., 2002). Equally, it may still be considered a 
dynamic tissue since it exhibits a physicochemical reactivity and ion exchange 
with the saliva and surrounding fluids (Osborn, 1981). It consists of 80-90 vol.% 
biological HA crystals and 10-20 vol.% water and organic components. The 
hydroxyapatite (HA) crystals are more dense than the other constituents and 
therefore, enamel is comprised of 96 wt.% HA minerals and 4 wt.% remaining 
components (Robinson et al., 2000). The HA crystal exhibits a flattened 
hexagonal cross-section, 40 nm wide, 25 nm thick and 150 µm long (Berkovitz et 
al., 2002). Approximately one thousand HA crystals are closely packed to form 
an enamel prism or rods (Figure 1-5). Each prism, approximately 5 µm wide, is 
surrounded by an irregular crystal-free area, 0.1 µm wide, known as a prism 
sheath (Meckel et al., 1965). The enamel prisms meet the outer surface at 90 
degrees just above the cervical margin of the tooth, at 60 degrees on the smooth 
surface and 20 degrees in fissures of the occlusal surface (Berkovitz et al., 2002). 
A cluster of approximately 10 prisms run in the same direction to the outer surface 
with a different orientation to those of surrounding clusters producing a banding 
pattern detectable using optical microscopy of ground sections, known as Hunter-
Schreger bands (Poole and Brooks, 1961).  
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Figure 1-5: Scanning electron micrograph of fractured etched enamel exhibits enamel prisms 
consisting of HA crystals [Silverstone et al. (1981)]. 
 
Two structureless, aprismatic enamel zones can be recognised; the outer surface 
layer and the area near the enamel-dentine junction. The appearance of a 
structureless region near the enamel-dentine junction is correlated to the irregular 
arrangement of HA crystals in this area, whist the absence of Tomes processes 
on the ameloblasts during the final stage of enamel deposition together with the 
increased mineralisation level may explain the appearance of aprismatic enamel 
at the outer enamel surface (Berkovitz et al., 2002). The highly organised 
microstructure and crystal packing density (2.85-3 g/cm3) within enamel 
significantly improve its physical properties (Fan et al., 2009). The physical 
properties of enamel compared to that of dentine are addressed in Table 1-8. 
Enamel and dentine are mutually supportive as enamel’s high degree of hardness 
protects the dentine from the abrasive effects of mastication, while the higher 
elasticity of dentine counterbalances the brittleness of enamel (Osborn, 1981). 
     
Table 1-8: Ename physical properties compared to dentine (Osborn, 1981): 









modulus            
(GN m-2) 
Compressive 
Strength           
(MN m-2) 
Enamel 250-290 30-35 131 76 





Variations in enamel mineral content can be recognised according to the 
anatomical site based on the fact that different histological zones exhibit less 
dense enamel prisms and greater spaces for organic material. The flatter 
surfaces with fewer complex histological features contain greater mineral 
concentrations compared to those reported within the fissure regions, cervical 
margins and cuspal enamel (Robinson et al., 1995).  
 
Hydroxyapatite (HA) crystal structure         
The molecular arrangement of each unit cell of HA is shown in Figure 1-6. It 
consists of a central hydroxyl ion column surrounded by a triangle of three 
calcium ions (Ca II), which in turn is surrounded by another triangle of three 
similarly spaced phosphate ions. These ions are enclosed by six calcium ions 
(Ca I) in a uniform hexagonal shape (Robinson et al., 1995). The calcium ions of 
the outer hexagon are shared between three adjacent similar hexagons. The 
entire crystal consists of this arrangement of hexagonal planes stacked one on 
top of another, but each turns by 60 degrees (Berkovitz et al., 2002). 
 
 
Figure 1-6: Crystal structure of HA: the overall planner hexagonal natural of the arrangement of 

















The above hexagonal ion arrangement alone is not a crystallographic unit cell, 
which is parallelepiped. The crystallographic unit (parallelepiped) such as 
Ca10(PO4)6OH2 is made as follows: 4 columnar calcium ions (Ca II), 6 screw axis 
calcium ions (Ca I) and 6 phosphate ions located around the hydroxyls (Robinson 
et al., 1995). The HA in enamel is impure with different ions, such as carbonate, 
fluoride, sodium and magnesium, incorporated (Featherstone, 2000). The 
carbonate content presents 3-4 wt.% in enamel with 90% type B substitution 
(carbonate substituting phosphate ions) and 10% type A substitution (carbonate 
substituting hydroxide ions) (Penel et al., 1998; Spizzirri et al., 2012). The B-type 
substitution is believed to involve sodium for calcium exchange and therefore, the 
concentration of sodium may reflect that of carbonate in the enamel (Robinson et 
al., 2000). Fluoride incorporation in the HA occurs via a fluoride-hydroxyl 
exchange producing fluorapatite Ca10(PO4)6F2. The high charge density of 
fluoride ion stabilises the crystal structure reducing its solubilty (Featherstone, 
2000). Magnesium may be also incorporated in the HA by displacing calcium 
ions, limited to approximately 0.3 %. The concentration of fluoride decreases from 
the outer enamel surface to the enamel-dentine junction (EDJ) in contrast to the 
carbonate and magnesium concentrations (Robinson et al., 2000).    
 
Enamel protiens and organic components 
The enamel organic component consists of original developing matrix remnants 
such as amelogenins and enamelins proteins (Acil et al., 2005). Amelogenins  are 
secreted by ameloblasts and form 90% of the enamel matrix (Mangum et al., 
2010). These can be detected near the enamel-dentine junction (EDJ) and in the 
fissures and the cuspal areas. The proportion of enamel proteins is negatively 
correlated with the mineralisation and maturation degree (Farah et al., 2010). The 
presence of collagen within enamel’s organic component is controversial and 
there is a debate whether it is completely or partially degraded during the enamel 
mineralisation / maturation process (Acil et al., 2005). The presence of collagen 
in mature mineralised human enamel has been detected, but with considerably 
lower concentration to that in the dentine (Farah et al., 2010). It has been 
suggested that the collagen fibres from the EDJ may penetrate into enamel (Lin 
et al., 1993). The detected collagen in enamel is type I, whilst collagen type II and 
V, found within dentine and bone, are not present in enamel matrix (Acil et al., 
2005). Finally, the organic component is affected by the integrity of the enamel, 
47 
and more proteins can be observed in the enamel of hypomineralised lesions 
(Farah et al., 2010; Mangum et al., 2010). However, the proteins detected here 
are not amelogenins, but are normally isolated from saliva fluid (Mangum et al., 
2010).  
 
1.2.3.2 Enamel demieralisation  
Dental caries is a multi-factorial disease process involving the biofilm which can 
be controlled by a combination of strategies addressing its aetiological factors 
(Pitts and Wefel, 2009). The process of this complex lifestyle-related disease can 
be simplified as follows: (Featherstone, 2004) 
1. Acidogenic oral plaque bacteria ferment carbohydrate producing organic 
acids such as lactic, formic, acetic, and propionic acid. 
2. These acids diffuse into the enamel dissolving the minerals. 
3. Minerals diffuse out of the enamel leading to cavitation if the 
demineralisation process continues. 
 
The demineralisation process is counterbalanced by the remineralisation process 
numerous times daily and therefore, this disease is determined by the dynamic 
balance between the de- and remineralisation of dental hard tissues (ten Cate, 
2001). The aetiology of dental caries is associated with four main factors including 
the bacteria, susceptible tooth surface, fermentable carbohydrate and the time 
for the plaque biofilm to dissolve the minerals at the teeth surface (Banerjee et 
al., 2001). The acidogenic bacteria, which produce organic acids, and the aciduric 
bacteria, which survive preferentially under acidic conditions, occupy no more 
than 1% of the total flora in normal dental plaque biofilm, but increase in number 
at the expense of the other benign bacteria throughout the caries process 
(Featherstone, 2004). Streptococcus mutans are believed to be the primary 
associative bacterial species and are used as microbiological markers for dental 
caries (Van Houte, 1993). Lactobacillus and Bifidobacteria are also found in the 







The susceptible tooth surfaces, upon which the dental plaque biofilm 
accumulates undisturbed for longer periods of time, mainly include the fissures 
of occlusal surfaces, the approximal surfaces cervical to the contact points of 
adjacent teeth, the surfaces adjacent to the gingival margin and finally, the 
margins of restorations (Banerjee and Watson, 2011). The critical pH for 
dissolution of enamel in oral fluids is 5.5; however, this value slightly varies 
depending on the concentrations of calcium and phosphate ions in the saliva and 
plaque fluid (Dawes, 2003). Other factors also influence the magnitude of the pH 
fluctuations, such as the fluoride ion concentration and the salivary secreting rate, 
reflecting the complexity of the dental cariogenic environment (Kidd and 
Fejerskov, 2004). 
 
The acidic challenges affecting the enamel integrity in-vivo can be divided into 
those produced by acidogenic and aciduric bacteria which cause a dissolution of 
minerals from beneath the surface producing subsurface carious lesions, and 
those of extrinsic acid sources (food and beverages) which cause the removal of 
the minerals from the surface resulting in enamel erosion (Tung and Eichmiller, 
2004). The first step in the enamel caries process is protein degradation followed 
by the loss of inorganic ions in specified histological areas which are belived to 
be interprismatic and intercrystalline regions (Darling, 1961; Robinson et al., 
2000). 
 
The enamel white spot lesion has been described as “the picture of enamel caries 
obtained before the attack has reached the enamel-dentine junction” (Gustafson, 
1957). Initial demineralisation develops after 1 week of cariogenic challenge 
without clinical signs. The lesion exhibits a chalky and roughened appearance 
when the surface is air-dried after 2-3 weeks of cariogenic challenge and 
eventually after 4 weeks the lesion develops a white opaque area observed even 
before air-drying (Holmen et al., 1985). The correlation between the WSL 
appearance and air-drying is related to the refractive index of the media occuping 
the lesion pores which in turn, accentuates the difference in the refractivity 
between the enamel (1.63), water (1.33) and the air (1.0). Thus, when the lesion 
surface is air-dried, the pores become occupied by air rather than water making 
the lesion clearer and more distinguishable (Kidd and Fejerskov, 2004). The 
enamel caries lesion is divided histologically into four zones including the 
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translucent zone at the advancing edge of the lesion, the dark zone, the body of 
the lesion and the surface zone (Figure 1-7). Nanostructural examination of the 
enamel carious lesion has shown that the crystal orientation is preserved within 
the four zones resembling the sound enamel, and indicates that the orientation 
of crystals is independent of the degree of demineralisation (Deyhle et al., 2014). 
 
 
Figure 1-7: The four histological zones of enamel caries lesion [adapted from Robinson et al., 
(2000)]. 
 
1.2.3.3 Artificial enamel lesions:   
In order to avoid the inherent biological variations in populations of natural WSLs, 
artificial lesions have been created for use in in-vitro remineralisation studies. The 
first artificial WSL was produced by von Bartheld in 1958 using an acidified 
charged gel (van Dijk et al., 1979). Different methods were thereafter introduced 
to induce artificial carious enamel lesions, which can be divided into four main 








Few & large pores 
5-10% mineral loss
Many & small pores 
25-50% mineral loss
Many & large pores 
1-2% mineral loss
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Lactic acid alone 
(van Dijk et al., 1979) 
The lesion is an acid-
etched type and does 
not exhibit WSLs 
zones 







6% methyl cellulose gel 
buffered using 0.1 mM 
lactic acid 
(Ingram and Silverstone, 
1981) 
The lesion has the 
structures of the WSL 
without the dark zone 
The lesions exhibit a 
reduced depth 





Mixtures of hydroxyethyl 
cellulose and acid 
(Gray, 1966) 
 
The lesion has 
features of the WSL 
without the dark zone 









solutions in simulating 
pH cycles (ten Cate and 
Duijsters, 1982) 
The lesion depth and 
surface layer thickness 
vary according to the 
degree of saturation 
Valuable in 
assessing the 
remineralisation of  
fluoride products 
(ten Cate, 1990) 
 
In gel-based systems, lactic acid was selected as an acidic buffer to mimic the 
clinical environment as this organic acid is one of the bacterial metabolic products 
that are monitored regularly during the dental caries process (Gray, 1966). 
Different theories have been proposed in the literature to explain the formation of 
WSLs induced using gel-based systems. Some authors suggested that WSLs 
were produced due to the effect of diffusion-limiting of the gel (Ingram and 
Silverstone, 1981), which slows the attack of lactic acid and alters the rate of 
dissolution in a manner so that it becomes slower at the enamel surface and 
higher at the subsurface level (Gray, 1966; Silverstone, 1967; Holly and Gray, 
1968; van Dijk et al., 1979). Gray in 1966 evaluated the kinetics of enamel 
dissolution during the formation of WSLs and suggested that the organic polymer 
gel may be absorbed by the enamel surface forming a protective coating similar 
to the biofilm that covers the enamel surface in-vivo and controls the diffusion 
rate during caries progression (Gray, 1966). Another explanation for WSL 
formation using gel-based systems is the calcium-binding activity of methyl 
cellulose gel which enhances the mineral re-deposition on the surface layer 






1.2.3.3 Enamel remineralisation  
Dental caries is a complex lifestyle-related disease determined by the dynamic 
balance between demineralisation and remineralisation within dental hard tissues 
(ten Cate, 1990; Featherstone, 1999). In the MID philosophy, the optimal purpose 
is to “heal” the incipient carious enamel lesion by reversing the demineralisation 
process, preventing any further mineral loss and enhancing remineralisation. 
Enamel remineralisation is the process whereby calcium and phosphate ions are 
supplied from a source external to the tooth to promote ion deposition into crystals 
voids of demineralised enamel to produce net mineral gain (Cochrane et al., 
2010). The remineralisation process may include a new crystal growth, existing 
crystal repair and external mineral deposition (Silverstone, 1967; Briner et al., 
1974; White et al., 1988; Preston et al., 2008).  
 
The role of saliva in controlling the equilibrium between the de- and 
remineralisation processes of dental hard tissues has been long established 
resulting from its buffering power, clearance effect and saturation of ions (Edgar 
et al., 1994; Lagerlöf, 1994; Dowd, 1999). Salivary minerals can assist enamel 
remineralisation, but within a limited range due to pH fluctuations in vivo 
(Eisenburger et al., 2001; Huang et al., 2013). Therefore, external ion sources 
can be introduced to accelerate the remineralisation process before any further 
deterioration within the lesion structure occurs. The key approach in enamel 
remineralisation is to apply materials that contain essential ions required to form 
minerals similar to those of enamel (Tung and Eichmiller, 2004). 
 
Enamel remineralisation systems  
- Fluoride  
The role of fluoride in enamel de- and remineralisation has been extensively 
evaluated in the literature. This role includes three mechanisms of action; 
inhibiting bacterial metabolism, inhibiting demineralisation and enhancing the 
remineralisation (Featherstone, 2000). The role of fluoride in inhibiting enamel 
demineralisation is well-investigated and documented (ten Cate, 2004). However, 
its role in enhancing the remineralisation of enamel WSL has been discussed 
with different theories outlined in the literature. Bader et al. (2001) stated after a 
review of 1435 articles, that there was not sufficient in-vivo evidence supporting 
the role of fluoride in reversing the demineralisation of WSLs. In fact, there is 
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uncertainty about the ability of fluoride-containing products to deliver the sufficient 
fluoride concentration required in the remineralisation process, and the 
compliance of the patients in this regard affects significantly the remineralisation 
outcome (Geiger et al., 1988; ten Cate, 2013). Other aspects to be considered in 
WSL remineralisation are fluoride kinetics which are correlated to different factors 
including saliva characteristics / flowability, application volume / period and 
delivery mode (Newbrun, 2001). These also determine the bioavailability of 
fluoride in-vivo, which decreases rapidly to reach the baseline level (0.02-0.15 
ppm F-) only after 2 hours of fluoride application (Naumova et al., 2012). Indeed, 
most in-vitro studies ignored fluoride bioavailability and applied static fluoride 
concentrations throughout the experimental protocols. Even though constant 
fluoride concentrations were used to remineralise WSLs, the remineralisation has 
been shown to be a slow process due to fluoride’s low solubility. In addition, 
fluoride’s rapid precipitation at the lesion surface layer fills the porosities 
preventing further ions diffusing and resulting in an undesirable aesthetic 
appearance (Robinson et al., 1990; Bishara and Ostby, 2008; Beerens et al., 
2010).   
 
In order to promote the efficiency of fluoride in WSL remineralisation, it has been 
suggested to apply a combination of fluoride with calcium phosphate. However, 
the introduction of a singular vehicle containing the soluble calcium and fluoride 
in-vivo is challenging as separating fluoride from calcium is essential to prevent 
the formation of CaF2 that inhibits the formation of fluorapatite (FA) restricting the 
remineralisation process (Karlinsey and Mackey, 2009). Another widespread 
approach to accelerate WSL remineralisation is applying a high concentration of 
fluoride, which has been shown to increase the WSL’s initial remineralisation, but 
results in undesirable aesthetic consequences due to the incomplete 
remineralisation occurrence (Bishara and Ostby, 2008). The frequent use of high 
concentration fluoride may cause erosion and a degree of demineralisation due 
to the reduced pH 4.5 of the fluoride vehicle (Zero, 1996). In addition, it has been 
shown that increasing the fluoride concentration did not exhibit an increased 
cariostatic benefits and might affect negatively the enamel structural integrity due 
to the formation of CaF2 which in turn, reduces the available Ca2+ ions required 
for remineralisation (Mohammed et al., 2014).   
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The formation of one unit cell of FA (Ca10(PO4)6F2) requires two fluoride ions, 10 
calcium ions and six phosphate ions implying that the role of fluoride in enamel 
remineralisation is limited by the bioavailability of calcium and phosphate 
(Whitford et al., 2005; Vogel et al., 2008). From this perspective, two factors 
should be considered in-vivo including the low concentration of calcium and 
phosphate ions in saliva and the role of salivary proteins in particular, statherin 
groups in binding calcium and phosphate ions preventing any further ion diffusion 
into the enamel subsurface (Cochrane et al., 2010). Therefore, it can be 
concluded from the above discussion that applying fluoride is more useful and 
efficient in inhibiting demineralisation rather than enhancing remineralisation. 
Hence, calcium phosphate-based remineralisation systems were introduced to 
provide external calcium and phosphate ions with the intention of promoting and 
accelerating enamel remineralisation in vivo. 
 
- Amorphous calcium phosphate (ACP) 
This macromolecule is prepared by a low-temperature process, where other 
elements such as zirconia and silica could be incorporated to increase the 
stability of ACP toward HA conversion (Skrtic et al., 2002). It is applied clinically 
as two systems; firstly, in a single phase whereby the water is not included to 
avoid the early reaction between the components.  An example of this delivery 
mode is an ACP-containing chewing gum. Secondly, in a two-phase system to 
separate the calcium from the phosphate, e.g. toothpaste and mouth rinse (Tung 
and Eichmiller, 2004). The main limitation of this system is the low solubility of its 
components which reduces the remineralisation process while promoting 
calculus formation (Cochrane et al., 2010). To overcome this limitation, carbonate 
was added to reduce the pH and consequently increase its solubility (Tung and 
Eichmiller, 1998). Overall, ACP is an un-stabilised system containing high 
calcium and phosphate components without sufficient atomic arrangement and 






- Casein phosphopeptide - amorphous calcium phosphate (CPP- ACP)  
CPP-ACP was developed by Reynolds and co-workers at the University of 
Melbourne, and has incorporated into chewing gum, tooth cream and topical gels 
(Reynolds, 1987). The solubility of the ACP system is controlled by a milk protein, 
casein phosphopeptide (CPP), added to regulate the ACP solubility and to inhibit 
its early transformation into crystalline form (Reynolds et al., 1995). It is believed 
that CPP mimics the functional role of salivary proteins in controlling and 
regulating the solubility of calcium and phosphate providing an ion reservoir within 
dental plaque and at the same time preventing calculus formation, by the means 
of CPP negative charge which binds the calcium under neutral and alkaline 
conditions (Reynolds et al., 2003; Cross et al., 2005; Reynolds, 2008). CPP-ACP 
consists of 144 calcium ions, 96 phosphate ions and 6 peptides of CPP. Fluoride 
(900 ppm) has been added into some products (CPP-ACFP) since the Ser(P)-
Ser(P)-Ser(P)-Glu-Glu sequence of CPP can also stabilise fluoride ions 
(Ferrazzano et al., 2011).  
 
The results obtained using CPP-ACP products have shown inconsistent 
outcomes and the role of this system in WSL remineralisation has not been 
proven according to some researchers (Sudjalim et al., 2006; Azarpazhooh and 
Limeback, 2008). Rehder Neto et al. (2009) compared the in-vitro effect of CPP-
ACP in controlling enamel carious lesions and concluded that the fluoride 
products exhibited better results to those of CPP-ACP products. Also, Beerens 
et al. (2010) in a double-blind prospective randomised clinical trial of 65 patients, 
showed that there were no differences in the effect of CPP-ACP paste and 
fluoride-free control paste on WSL remineralisation after a 3-month follow up. 
Another randomised control clinical trial with two parallel groups reported that the 
improvement of WSLs after 4 weeks of daily CPP-ACP application was not 
superior to that induced by fluoride toothpaste (Brochner et al., 2011). The same 
findings were reported in a recent in-vivo study conducted by Huang et al. (2013). 
The review of 642 articles concluded that there is a lack of evidence to support 





On the other hand, it has been shown that the use of CPP-ACP offered a 
significant benefit in enamel WSL remineralisation since the lesions treated with 
CPP-ACP paste exhibited an increased HA crystals size, a decreased surface 
roughness and an increased hardness and elastic modulus compared to that of 
the control group (Elkassas and Arafa, 2014; Zhou et al., 2014). The use of CPP-
ACP may inhibit enamel demineralisation and reduce the adherence of 
Streptococcus sobrinus and Streptococcus mutans bacteria at the tooth surface 
(Schupbach et al., 1996). An in-situ study showed that the use of a chewing gum 
containing CPP-ACP improved the mineral precipitation of eroded enamel 
(Prestes et al., 2013). This is in agreement with the results of a 24-month clinical 
trial evaluating the effect of chewing gum containing CPP-ACP on the regression 
of approximal caries (Morgan et al., 2008). Other than fluoride, CPP-ACP is one 
of the most extensively researched remineralisation technologies with sufficient 
evidence to support its role in enamel remineralisation in vitro (Walsh, 2009). 
However, more evaluation is still required to evaluate this role in situ and in vivo. 
 
- Bioactive glass 45S5 (BAG) 
The composition and reactivity process of this system has been addressed in 
Sections 1.1.2.1; p: 33 and 1.1.2.2; p: 34. Even though it has been long 
established that BAG particles form HCA structures when interact with aqueous 
solutions such as saliva (Hench et al., 1971), few studies have been reported in 
the dental literature to evaluate the role of this system in enamel remineralisation 
compared to those of fluoride and CPP-ACP. This fact has been highlighted by 
different authors; Reynolds (2008) and Cochrane et al. (2010) stated that there 
were no published studies supporting the role of this system in WSL 
remineralisation in vitro and in situ, implying that this approach is at a very early 
stage of development. Walsh (2009) also noted that he could not find published 
information from refereed journals at the time of writing to support the role of BAG 
45S5 in enamel remineralisation and the only available sources of information in 
this regard were unpublished data provided by manufacturers. In contrast, the 
role of BAG in dentine hypersensitivity treatment has been well investigated in 
vitro and in vivo (Efflandt et al., 2002; Du Min et al., 2008; Burwell et al., 2009a; 
Pradeep and Sharma, 2010). The affinity of dentine collagen to the glass surface 
promotes the physical occlusion of open dentine tubules, whilst the ionic release 
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of the retained particles leads to apatite formation at the dentine surface 
(Greenspan and Hench, 2013).    
 
An in-vitro study using confocal laser scanning microscopy (CLSM) showed that 
treating enamel surfaces with BAG paste during pH-cycling exhibited a degree of 
remineralisation when compared to the negative control (Alauddin et al., 2005). 
Burwell et al. (2009) and Rehder Neto et al. (2009) reported an increase in the 
surface microhardness of artificial WSLs created within bovine enamel slabs and 
treated with BAG 45S5-containing pastes. Evaluation of the ultra-structural 
changes of WSLs treated with BAG-containing toothpaste and scanned using 
scanning electron microscopy (SEM) showed a protective layer of deposits 
covering the treated lesion surface (Gjorgievska et al., 2013). The use of BAG 
45S5 has been shown to enhance the remineralisation of enamel surfaces etched 
with 0.25% citric acid and treated with BAG 45S5 slurry, assessed by SEM and 
nano-indentation (Dong et al., 2011). The SEM observation of sound enamel 
surfaces submitted to pH-cycling or to bleaching procedure and treated with BAG 
paste revealed mineral precipitations attached to the surfaces (Gjorgievska and 
Nicholson, 2010; Gjorgievska and Nicholson, 2011). Treating the surface of 
bovine enamel with BAG 45S5 during bleaching procedures reduced the 
microhardness loss and the ultra-structural changes of the bleached surface 
(Deng et al., 2013). In addition, the application of 45S5 BAG paste significantly 
improved the microhardness of the sub-surface of the eroded enamel surface 
(Bakry et al., 2014a). In another in-vitro study, the use of toothpaste containing 
BAG 45S5 exhibited no significant remineralisation effect on eroded enamel 
surfaces when compared to the control group, assessed using nanohardness 
(Wang et al., 2011a). Overall, the previous investigations explored the potential 
role of BAG in enamel remineralisation and presented promising results. 
However, bovine enamel substrate exhibits a markedly different microstructure 
to that of human dental tissue (Oesterle et al., 1998), which may affect the 
remineralisation outcomes. In addition, etched and eroded enamel do not exhibit 
the subsurface demineralisation characteristic of enamel WSLs and therefore, 
the results of some reported studies may not representative of WSL 
remineralisation. Finally, the assessment of chemical changes and the study of 
WSL depth changes following to the remineralisation therapy using 45S5 BAG 
are still outstanding.     
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Pre-conditioning WSL surfaces  
Enamel WSL remineralisation has been acknowledged to be a difficult and slow 
process in-vivo and in-vitro, with incomplete remineralisation of the deeper 
aspects of the lesion (White et al., 1988; Larsen and Pearce, 1992). Larsen et al. 
(1992) evaluated the penetration of ions into WSLs and reported that the solution 
inside lesion pores is saturated with respect to calcium / phosphate ions since it 
is in contact with enamel HA and is almost sealed off from the external 
environment implying that the remineralisation of interior lesion structures may 
only occur when the intact outer surface of the lesion is broken or removed.  It 
has been proposed that pre-conditioning the enamel surface with phosphoric acid 
prior to remineralisation treatment creates porosities required for mineral 
penetration, increases the total surface area and removes the superficial 
aprismatic layer exposing reactive enamel prisms (Aasenden et al., 1968). This 
approach might enhance WSL remineralisation and reduce the lesion depth 
assessed by the resultant improved lesion hardness, more fluorescence gain and 
increased mineral density compared to non-etched lesions (Collys et al., 1991; 
Flaitz and Hicks, 1993; Al-Khateeb et al., 2000; Al-Khateeb et al., 2014).  
 
Pre-conditioning WSL surfaces with 30% phosphoric acid for 30 seconds 
increases the roughness of the surface and dissolves prism cores at the lesion 
surface and prism peripheries at the interior lesion structure (Hicks and 
Silverstone, 1984b). This treatment causes the loss of 3-6 µm depth of surface 
layer and increases the subsurface porosity to 21 µm in depth, detected using 
polarised light microscopy (Hicks and Silverstone, 1984a). Microradiography 
assessment showed that acid etching of a WSL resulted in the dissolution of a 
layer of lesion tissue, but did not cause an excessive mineral loss within the lesion 
body (Van Dorp et al., 1990). The remineralisation therapy of pre-conditioned 
lesions produced a thicker mineral layer at the surface compared to that of a non-
etched group (Flaitz and Hicks, 1993), but with less mineral content according to 
microradiography assessment (Al-Khateeb et al., 2000). This reduction in mineral 
content at the outer layer of the lesion maybe due to the demineralisation effect 
caused by phosphoric acid used to modify the lesion surface prior to the 
remineralisation treatment.  
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1.3 Analysis methods used in this thesis 
 
Flowchart of the literature review structure in this thesis. 
 
 
1.3.1 Characterisation of abrasive powder 
Particle shape analysis  
The morphological characteristics of an abrasive powder affect its bulk density, 
flowability and surface area (Mikli et al., 2001), which all in turn, determine its 
technological applications. In air-abrasion, the powder’s particle shape affects the 
cutting efficiency; angular particles exhibit increased abrasive properties 
compared to these of rounded particles (Stachowiak, 2000). The shape or out-
line profile of an abrasive powder is assessed using microscopy techniques 
according to the visual appearance: rounded, cubic, semi-angular or angular 
based on (a) the diameter of the particle projection area, (b) the length-to-width 
ratio (L/W) and (c) the roundness factor which describes the closeness of the 























Particle size distribution analysis 
The particle size of an abrasive powder affects the cutting efficiency of an air-
abrasion system (Horiguchi et al., 1997). This parameter is determined using 
different methods, divided into three main categories; imaging (microscopic 
techniques), physical techniques (sieving) and light scattering methods (laser 
diffraction particle analyser) (Lee Black et al., 1996). In order to aid obtaining 
representative powder samples, the powder should be sampled after motion, 
withdrawn from different regions and then reduced into smaller sub-samples 
(Jillavenkatesa et al., 2001).  
 
Microscopy techniques measure the diameter which divides the particle into two 
equal projected areas (Merkus, 2009). The main limitation of this approach is that 
only a small portion of particles is analysed as a representative of the whole 
sample (Kissa, 1999). Sieving is the simplest approach which depends on 
weighing the different fractions after powder sieving. However, this method is 
affected by different parameters such as the particle shape, the sieve pore shape, 
the brittleness of the particles and the sieve loading (Beuselinck et al., 1998; 
Kissa, 1999; Eshel et al., 2004). Alternatively, laser diffraction particle analysis 
can be used to obtain accurate information about the particle size distribution. In 
this system, the particle size is defined depending on diffraction measurement of 
a laser beam transilluminating through a viewing cell containing particles in 
suspension (Masuda et al., 2006). It is a quick method with a good reproducibility, 
and a single measurement represents objectively a wide range of particle size 
since the motion of the particles through the fluid media is random (Beuselinck et 
al., 1998).  
 
Bioactivity test of bioactive glass powders 
Bioactivity tests of BAG air-abrasive powders have been conducted in this thesis 
using Fourier transform infrared spectroscopy (FTIR) according to a standard 
bioactivity test introduced by Warren et al. (1989). Fourier transform infrared 
spectroscopy detects the changes in dipole moment during molecular vibration 
which is induced by an incident infrared radiation to investigate functional groups, 
bonding types and molecular conformation within the tested material. It is a non-
destructive measurement technique with a high scanning speed and sensitivity. 
Two main FTIR scan techniques can be used, the transmittance method where 
60 
the light passes through a sample, and the reflectance method which can be 
performed using an attenuated total reflectance cell in contact with the sample 
(Kuptsov and Zhizhin, 1998).      
 
1.3.2 Surface topography measurement  
Assessment methods available to analyse enamel surface topographic changes 
are divided into quantitative and qualitative techniques (Schlueter et al., 2011), 
summarised and addressed in Figure 1-8. Among these methods, surface 
profilometry is one of the most established approaches to measure topographical 
surface change (Field et al., 2010). It depends on quantifying the loss of a 
substrate in relation to non-treated surface areas (Barbour and Rees, 2004).  
 
 
Figure 1-8: Flowchart of surface topography measurement methods [summarised from Barbour 
and Rees (2004) and Schlueter et al. (2011)]. (OCT): Optical Coherence Tomography, (QLF): 
Quantitative Light-induced Fluorescence, (SEM-EDX): Scanning Electron Microscopy - Energy 








































Surface profilometry creates a digital map of a surface in the form of a point cloud, 
which presents the 3D coordinates in the X, Y and Z planes of the digitised 
surface (Ireland et al., 2008). This can be obtained using either contact or non-
contact measuring devices. The first use of this technology in dental research 
was in 1972 to assess the effect of different toothpastes on a tooth surface 
(Ashmore et al., 1972). This non-destructive assessment method has been 
calibrated and described as a “gold standard” for enamel surface loss 
assessment (Hall et al., 1997; Ganss et al., 2005). It can be used to measure 
dental surface loss resulting from erosive mineral loss, dental restoration removal 
and carious tissue excavation (Ganss et al., 2005; Paolinelis et al., 2006; Kim et 
al., 2007).  
 
- Contact profilometry  
Contact profilometry relies on moving a diamond-tip stylus (steel, ruby, and 
tungsten carbide) over a surface and converting the movement into electrical data 
by the means of a provided transducer (Field et al., 2010). The resolution as well 
as the accuracy of the measurement is determined by the size of stylus (Ren et 
al., 2009). The limitations of this technology are (Jost-Brinkmann, 1998; Ireland 
et al., 2008; Leach, 2010): 
1. It can be used only to scan hard surfaces. 
2. The stylus cannot fully penetrate narrow fissures and grooves. 
3. The stylus force may cause a surface deformation. 
4. The stylus lateral deflection and skid can deteriorate results. 
5.  Significantly more time is required to complete the surface scan 
compared to that in non-contact profilometry.  
 
- Non-contact profilometry 
Non-contact profilometry depends on optical techniques to scan the surface 
without any physical contact with the targeted surface (Ireland et al., 2008). In 
this thesis, two optical techniques have been used included laser triangulation 
and white light confocal systems. Laser triangulation profilometry employs optical 
triangulation principles by employing a twin detector configuration (Chen et al., 
2000). It is important to note that a potential reflection of the laser beam on a 
polished surface may produce an “overshot” and results in artefacts. Therefore, 
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it is not recommended to use this technique to scan a polished, mirror-like enamel 
surface (Whitehead et al., 1999). The main advantage of this system is that it 
exhibits a large gauge range permitting an effective measurement of surfaces 
with a large variance between the highest and lowest points (Leach, 2010). White 
light profilometry uses distance measuring sensors, whereby the light passes 
through a dispersive medium into different wavelengths focused at different 
distances from the surface. In this technique, only one point is measured at a time 
achieved by the means of two pinholes; one in front of the light source and the 
other in front of the detector (Leach, 2010). The reflected light is analysed by a 
spectrometer depending on wavelength peak values. The measurement error of 
this system has been shown to be ±0.06 µm for enamel and 0.09 µm for dentine 























1.3.3 Assessment methods for studies of mineral content of enamel WSL  
1.3.3.1 Raman micro-spectroscopy 
Micro-Raman spectroscopy provides details about the chemical composition and 
the molecular interaction of both biological and synthetic materials (Choo‐Smith 
et al., 2002). It is a non-destructive assessment method where samples require 
no physical preparation prior to analysis that may affect the structure and 
therefore the interruption of results. Raman micro-spectroscopy analyses the 
chemical content of tissues by detecting their characteristic molecular vibrational 
energy signatures. The difference in energy between the incident and the 
inelastic scattered photons corresponds to the energy of the molecular vibration 
(Figure 1-9) (Bertoluzza et al., 1992; Petry et al., 2003). 
 
 
Figure 1-9: The energy-level diagram of Raman scattering; the molecular vibration energy (∆E), 
caused by an incident photon, calculated as the energy difference between the incident and 
scattered photons [Adapted from Bertoluzza et al. (1992]. 
 
The main limitation of using Raman is that the observation of Raman scattering 
in some biological systems may be obscured by intrinsic fluorescent excitation 
(Petry et al., 2003). Human dental enamel contains little organic component and 
therefore, the excitation of fluorescence has no significant impact on the resultant 
spectra (Tsuda and Arends, 1997). The Raman spectrum of sound enamel 
exhibits peaks representing phosphate and carbonate within enamel crystals, 
with their corresponding assignment in Figure 1-10 (Salehi et al., 2012; Spizzirri 
et al., 2012). The four phosphate (PO43-) peaks are assigned to the internal 







Figure 1-10: Representative Raman spectrum of sound human enamel including the observed 
peak positions and their assignments. 
 




















Symmetric bending mode (v2) of (PO43-); 
(O−P−O bond) 
 
Quantitative information about the mineral concentration of materials can be 
obtained using Raman micro-spectroscopy since the peak intensity is 
proportional to the number of molecules within the volume of the scanned area 
(Penel et al., 1998; Tramini et al., 2000). Hence, the measurement of phosphate 
peak intensity can be employed to assess the concentration of phosphate within 
the dental tissues; Mohanty et al. (2012) measured the intensity of the phosphate 
peaks along the cross-sectional view of an artificial enamel white spot lesion and 
showed that this technique was able to characterise the chemical content of the 
lesion. The intensity of phosphate peaks within the lesion body dropped by >40% 
compared to the deeper healthy sound enamel (Mohanty et al., 2012). Mapping 
the enamel of pits and fissure caries showed a considerable reduction in the 
intensity of phosphate peak, approximately three times less than that of the intact 
surrounding enamel (Kinoshita et al., 2008). In addition, evaluating the effect of 
lactic acid and bleaching agents on enamel by measuring phosphate peak 
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intensity at 959 cm-1 showed that Raman micro-spectroscopy was able to detect 
the chemical dynamic changes of enamel minerals at different points of time 
(Tramini et al., 2000; Santini et al., 2008). The phosphate peak at 956 cm-1 has 
been employed to detect the apatite mineral forming at the early stage of 
mineralisation within cartilage tissue, and the observation of its intensity 
introduces information about the dynamic mineral changes within this tissue 
(Sauer et al., 1994).  
 
Regarding BAG 45S5, the Raman modes of HCA grown on a BAG 45S5 surface 
have been shown to be similar to those of HAC in the bone (San Miguel et al., 
2010). The peak positions of the grown HCA are v1 (PO43-) at (959 cm-1),                   
v3 (PO43-) at (1,077 cm-1), v4 (PO43-) at (595 cm-1) and (CO32-) at (1,085 and 711 
cm-1) (Rehman et al., 1994; Notingher et al., 2003). It has been suggested that 
the amount of HCA grown on the  BAG 45S5 surface can be estimated by 
measuring the intensity of P-O peaks at 959 cm-1 since this intensity is correlated 
to the thickness of the formed HCA layer (Notingher et al., 2002; San Miguel et 
al., 2010). In addition, the C-O Raman peak at 1085 cm-1 is sharp and can be 
detected within the formed HCA layer (Rehman et al., 1994). 
    
1.3.3.2 Microhardness  
Hardness is a measure of a material’s resistance to permanent deformation 
(Sirdeshmukh et al., 2006). Microhardness uses a low load of < 200 g to create 
an indentation in a substrate surface using a diamond tip of known geometrical 
dimensions. Microhardness is a commonly used method in dental research to 
assess enamel hardness producing quantitative data about the tested tissue 
(Attin, 2006). Featherstone et al. (1983) reported a linear relationship between 
the hardness and the mineral content of WSLs assessed by comparing the 
microhardness data with that of microradiography. It can be used to monitor the 
mineral gain and loss throughout de- and remineralisation dynamic processes 
(Featherstone et al., 1983; Lippert and Lynch, 2014). A strong relationship has 
been also documented between the mineral content of an in situ-induced WSL 
and microhardness implying that this technique can be considered as a reliable 
method for the indirect measurement of WSL’s mineral content in vitro and in situ 
(Kielbassa et al., 1999). 
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Two indenters; Knoop or Vickers indenters penetrate the tested surface by 
approximately 1.5 µm and 5 µm respectively (Figure 1-11) (Schlueter et al., 
2011). Using magnification, the length of the indention is measured to obtain a 
hardness value using the following equation (Purdell-Lewis et al., 1976; Gong et 
al., 1999):  
For Vickers hardness number:  VHN (kg/mm2) = (1.85 x K) / D2   
For Knoop hardness number:   KHN (kg/mm2) = (14.23x K) / L2     
K: the applied force (kg), L: the length of the indentation (mm) and D: the diameter 
of the indenter (mm).           
 
 
Figure 1-11: A diagram representing the shape of Knoop (A) and Vickers (B) indenters. (W): 
indentation width, (L): indentation length and (D): diameter of indentation [From the 
manufacturer’s provided booklet]. 
 
In the dental literature, microhardness testing has been used to detect enamel 
WSL remineralisation using different remineralisation agents such as fluoride, 
CPP-ACP, and BAG. It has been suggested that the improvement of hardness 
reflects better crystalline and denser apatite substrate structures (ten Cate et al., 
1988; Rehder Neto et al., 2009; Wang et al., 2011b; Amaechi et al., 2013). 
However, microhardness testing is a destructive method where the indentations 
not only affect the immediate contact areas, but also surfaces at a distance of 
approximately 10 times the dimensions of the indenter. Therefore, a sufficient 
distance between adjacent indentations should be allowed (de Jong et al., 1987; 
Barbour and Rees, 2004). In addition, this measurement develops inaccuracies 
when used on an anatomical, curved substrate surface (Schlueter et al., 2011). 
Magalhaes et al. (2009) showed that microhardness testing introduced 
information about the mineral content of WSLs, but this varied according to the 




1.3.3.3 Nano-indentation  
Nano-indentation depends on measuring the depth of the surface indentation 
rather than its length and the hardness is calculated according to the load-
displacement curve of the indenter (Doerner and Nix, 1986; Mahoney et al., 
2000). This sensitive method uses a small indentation (<1 µm) to measure the 
hardness at the depth of less than 100 nm (Finke et al., 2001). Huang et al. (2010) 
mapped natural WSLs using this technique and reported that both the body and 
the surface layer of the lesion have been distinguished with values similar to 
those described in the dental literature using microhardness testing. The nano-
mechanical map of artificial WSLs exhibited a positive correlation with the calcium 
content of the lesion particularly at a subsurface level (Dickinson et al., 2007). 
Nano-indentation was able to detect the mineral gain following effective 
remineralisation treatments (Lippert et al., 2004; Dong et al., 2011; Zhou et al., 
2014). The main limitation of this method, however, is the potential bias of small 
sampling area (Radhakrishnan and Mao, 2004). In addition, the results of nano-
indentation have been shown to be affected by different variables including 
sample preparation, lesion pores volume / number and the inherent crystal growth 
(Habelitz et al., 2001; Alauddin, 2004).  
 
1.3.3.4 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is a qualitative analytical method which 
produces images at high resolution (at a nanometre scale) (Boyde and Lester, 
1967). The use of SEM micrographs permitted not only to observe the 
ultrastructural changes within the WSL tissue, but also to detect the shape and 
the size of newly formed crystals which in turn, have an important impact on 
enhancing the remineralisation through the whole lesion depth (Onuma et al., 
2005; Fan et al., 2009). Coating the sample surface with a metal such as gold or 
carbon is essential prior to SEM imaging in order to increase the surface 
conductivity to prevent the surface charging that deteriorates micrographs 
(Lyman, 1990). This coating prevents any further use of the sample in order to 
detect any dynamic changes within it, an important aspect in the de- and 
remineralisation of WSLs.         
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1.3.3.5 Energy dispersive X-ray spectroscopy (EDX) 
Energy dispersive X-ray spectroscopy (EDX) is an analytical technique used for 
the chemical characterisation of both biological and synthetic materials (Barbour 
and Rees, 2004). The spectroscope is incorporated into an SEM system 
whereby, the elements of a sample emit a characteristic X-ray pattern when 
excited by electrons of sufficient energy. In the dental literature, EDX has been 
used to measure the concentrations of calcium, phosphorous and fluoride in 
sound enamel submitted to repeated demineralisation challenges, as well as to 
measure these concentrations within new mineral depositions formed during the 
remineralisation treatment of WSLs (Naumova et al., 2012; Amaechi et al., 2013; 
Gjorgievska et al., 2013). The accuracy of this system in obtaining quantitative 
information is questionable as changing the beam voltage affects the intensity of 
the peaks within the EDX spectrum, and the overlapping of some peaks may 
interrupt the results. In addition, the resolution of EDX has been shown to be 
insufficient to detect some elements, as well as the density of the tested material 
affects the degree of electron beam penetration within the sample (Canli, 2010). 
For the above reasons, EDX tends to introduce valuable and accurate information 
when used as a qualitative approach to determine the chemical composition of 
the material. 
 
1.3.3.6 Optical coherence tomography (OCT) 
Optical coherence tomography (OCT) is a non-invasive imaging technique which 
enables cross-sectional imaging of internal biological structures by differentiating 
between incident and reflected photons using a near-infrared light source at a 
micron resolution (Hariri et al., 2012). In this technology, OCT images are 
constructed depending on the wave interference occurring when coupling a 
backscattered light with a reference one (Shimada et al., 2013). OCT images 
exhibit high lateral and vertical resolutions in the order of 10 µm (Baumgartner et 
al., 2000). Optical coherence tomography has been used in de- and 
remineralisation assessment in-vitro and in-vivo as it images non-destructively 
the interior structure of WSLs by measuring light scattering which in turn, 
correlates reversely to the mineral content of the lesion (Baumgartner et al., 2000; 
Can et al., 2008; Wilder-Smith et al., 2009; Mandurah et al., 2013). This depends 
upon light scattering which increases in porous demineralised enamel (Kang et 
al., 2012).  
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Mandurah et al. (2013) reported a positive correlation between the OCT and 
nano-indentation measurements of WSLs treated using a remineralisation 
solution for 14 days. The compositional changes of enamel crystals throughout 
WSL remineralisation treatment have been detected using OCT measurements 
which showed results consistent with those of microradiography (Hariri et al., 
2013). The advantages of using OCT over radiographic methods in enamel de- 
and remineralisation assessment are it employs near-infrared light rather than 
hazardous ionizing radiation, it exhibits a better resolution compared to other 
clinical radiographic techniques, and it is a rapid procedure which requires no 
physical sample preparation (Baumgartner et al., 2000; Kang et al., 2010; 
Mandurah et al., 2013). However, the limitations of this technology are that 
enamel surface hydration considerably affects OCT signal intensity (Baumgartner 
et al., 2000; Mandurah et al., 2013; Nazari et al., 2013).  
 
1.3.3.7 Transverse microradiography (TMR) 
Transversal microradiography (TMR) is one of the most documented methods in 
assessing the mineral content of WSLs (Fontana et al., 1996). It was developed 
in 1963 to measure the mineral content in a small volume of dental tissue 
(Angmar et al., 1963). This technique depends on measuring the absorption of 
monochromatic X-rays by a tooth substrate in comparison with a standard 
alumina stepwedge involved in the imaging, with a resolution of approximately    
6 µm (ten Bosch and Angmar-Månsson, 1991; Damen et al., 1997; Lo et al., 
2010). It is a time-consuming technique which demands a preparation of thin 
sample slices of the order of 100 µm (Fontana et al., 1996). Moreover, these 
slices must be homogenous over their thickness (ten Bosch and Angmar-
Månsson, 1991). Preparing such thin slices of enamel containing WSLs is difficult 
due to the brittle property of enamel (Can et al., 2008). Another drawback of using 
this method is the potential for misalignment when specimens with curved 
outlines, such as anatomical tooth surfaces, are analysed (Meyer-Lueckel et al., 
2007). Finally, TMR is a destructive method, unsuitable for sequential 




1.3.3.8 Quantitative light-induced fluorescence (QLF)  
Quantitative light-induced fluorescence measures the intensity of the 
fluorescence resulting from the interaction between dental tissues and a light 
induced by a near ultraviolent radiation (Koenig and Schneckenburger, 1994; 
Angmar-Mansson and Bosch, 2001). An enamel WSL exhibits a reduced QLF 
measurement compared to that of healthy sound enamel since the pores in the 
WSL are assumed to increase the scattering of the light and consequently, 
reduce its absorption (Al-Khateeb et al., 1998). Another explanation for the QLF 
measurement reduction in the WSL is that the scattering of the light within the 
lesion forms a barrier to the fluorescence light emitted from dentine (Angmar-
Mansson and Bosch, 2001).  
 
The remineralisation of WSLs has been shown to cause a fluorescence gain 
within the treated carious lesion; reported in a number of studies supporting the 
role of QLF as a method to assess the dynamic mineral changes within WSLs in 
vitro and in vivo  (Al-Khateeb et al., 2000; Fujikawa et al., 2007; Sano et al., 2007; 
Alammari et al., 2013; Tahmassebi et al., 2014). It is important to point out that 
the presence of dentine within the tested sample affects the fluorescence output 
and therefore, a layer of dentine beneath the enamel substrate is required to 
study WSL in vitro (Gomez et al., 2014). Although the use of QLF has been 
reported widely in the dental literature to evaluate WSLs, the theoretical basis in 
this regard has not been determined precisely. Additionally, the determination of 
the remineralised tissue is unmeasurable using this method (Tranaeus et al., 
2001). The QLF measurement is affected significantly by different variables 
including the tooth size, the curvature and the staining of the outer enamel 
surface (Adeyemi et al., 2006).   
 
1.3.3.9 Optical microscopic techniques 
Polarised light microscopy has been used to investigate the mineral content of 
enamel WSLs in-vitro, measuring enamel birefringence by the means of different 
media, including water and quinoline (Silverstone, 1973; Hicks and Silverstone, 
1984a). Quantifying the information obtained using this method showed 
inconsistent results compared to those of microradiography; and therefore, it was 
recommended that this method be used only for the histological examination of 
enamel WSLs (Carlström and Glas, 1963; Theuns et al., 1993).    
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Confocal laser scanning microscopy (CLSM) improves the contrast of the optical 
image by using an aperture in the conjugate focal plane of an objective lens, in 
both the illumination and imaging pathways of the microscope (Watson et al., 
2008). It has been shown that there is a correlation between the autofluorescence 
of carious dentine detected using CLSM and the mineral content of the tissue 
(Banerjee and Boyde, 1998). In order to study enamel WSLs, a method has been 
developed depending on staining the WSL with a fluorescent dye to analyse 
quantitatively a representative length from the lesion (Fontana et al., 1996). It has 
been suggested that this approach may be used as an alternative to TMR in 
measuring the mineral content of WSLs during the de- and remineralisation since 
the CLSM showed a positive correlation with TMR when used to assess enamel 
WSLs (Fontana et al., 1996; González-Cabezas et al., 1998). However, the use 
of light microscopy for quantitative assessment is questionable as there is no 
available way to ascertain if the liquid has filled all the pores of the WSL. 
Therefore, only qualitative information about the structure of WSLs can be 
obtained using optical microscopes (Angmar et al., 1963; Lo et al., 2010).     
 
1.3.3.10 Considerations for choosing a method  
The selection of an assessment method to study mineral changes of enamel 
WSLs depends upon different factors including: the study design (e.g. single 
measurement vs. repeated measurements), the resources (e.g. available 
expertise, availability of equipment, the cost and the required time) and the 
specification of quantitative or qualitative accuracy (ten Bosch and Angmar-
Månsson, 1991). As there is no one method that can evaluate the entire range of 
aspects of enamel WSLs alone, it appears that a combination of different 
methods is preferable in order to detect the ultra-structural, mechanical and 
chemical changes within treated WSLs. Table 1-11 outlines the methods used to 


















Used in this 
thesis 
Micro-Raman spectroscopy Qualitative/Quantitative Non-destructive Chemical Up to 2.7 µm Yes 





Microhardness Quantitative Destructive Mechanical - Yes 
Nanoindentation Quantitative Destructive Mechanical - No 
Scanning electron microscopy Qualitative Destructive Morphological (few nanometres) Yes 
Optical microscopy Qualitative/Quantitative Destructive/ Non-
destructive 




Transversal Microradiography  Quantitative Destructive X-ray absorption 6 µm No 
Quantitative light-induced fluorescence Qualitative/Quantitative Non-destructive Light fluorescence - No 




Overall aims of Chapters 2, 3, 4, 5 and 6 
The overall aim of this project was to develop the use of BAG air-abrasion as an 
operative technique in minimally invasive dentistry (MID) for the controlled and 
selective removal of substrates and for enhancing the remineralisation of enamel 
white spot lesions (WSLs) using BAG 45S5 technology. 
 
Objectives 
1. To calibrate the air-abrasion system including the characterisation of the 
abrasive powders and the validation of the unit’s operating parameters.    
2. To evaluate the effect of six operating parameters: air pressure, powder 
flow rate, nozzle-substrate distance, nozzle angle, shrouding the air 
stream with a curtain of water and the abrasive powder itself, on the cutting 
efficiency / pattern of BAG air-abrasion using alumina air-abrasion as a 
positive control. 
3. To assess the effect of three clinically adjustable air-abrasion operating 
parameters on the selective removal of resin composite, and to determine 
the required time taken to carry out the procedure. 
4. To evaluate the effect of BAG 45S5 and PAA-BAG powders on artificial 
enamel WSL remineralisation through chemical, mechanical, optical and 
ultra-structural assessments. 
5. To assess the physical modification of enamel white spot lesion pre-
conditioning using BAG air-abrasion technology and to study the impact of 












Chapter 2 Bioactive glass air-abrasion system calibration.  
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2.1 Introduction  
Air-abrasion is an operative tooth cutting technique whose efficacy is dependent 
upon several factors including the physical mechanics of the equipment such as 
air pressure, powder flow rate (PFR) and the powder-air admix mechanism (Jost-
Brinkmann, 1998; Cook et al., 2001; Paolinelis et al., 2009), as well as those 
related to the abrasive powders used including the shape, size and chemistry of 
the particles (Horiguchi et al., 1997; Motisuki et al., 2006). The results from 
investigations concerning air-abrasion vary widely which may be in part due to 
the cutting ability of a particular air-abrasion unit being correlated to the amount 
of expelled powder which in turn, varies according to the specific unit used (Jost-
Brinkmann, 1998; Honda et al., 2008). Indeed, there are a large number of 
commercial air-abrasion units and each can be used at various settings with 
different mechanisms used to mix the abrasive particles with the propellant air 
stream. Therefore, in order to improve the comparability of air-abrasion studies, 
it is important to establish the factors which have an effect on PFR.  
 
BAG 4SS5 has the potential to enhance remineralisation of dental hard tissues 
by developing hydroxycarbonate apatite (HCA) structures when it interacts with 
aqueous solutions (Burwell et al., 2009b; Gjorgievska et al., 2013). The effect of 
BAG air-abrasion technology on enamel remineralisation has been evaluated 
later in Chapter 5 and Chapter 6. The BAG abrasive powder used was sourced 
from an external supplier (Denfotex Ltd, UK). Therefore, the bioactivity of this 
material was validated prior to experimental further use based on the standard 
bioactivity test introduced by Warren et al. (1989).  
 
The aims of this study were: 
1. To characterise the morphology, the chemistry and the particles size 
distribution of alumina and BAG abrasive powders.  
2. To validate the bioactivity of BAG abrasive powder. 
3. To calibrate air-abrasion system by studying the effect of air pressure on 
the emitted PFR of two dental air-abrasion units. 
4. To measure the ranges of PFR (g/min) for alumina and BAG abrasive 
powders calibrated to PFR instrument settings. 
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The null hypotheses investigated in this study were that the used BAG air-
abrasive powder does not develop HCA structures when soaked in Tris-buffer 
solution, and that there is no effect of air pressure on the emitted PFR in both an 
Aquacut™ and Air-Flow Master® air-abrasion units. 
 
2.2 Materials and methods 
2.2.1 Abrasive powders’ shape and elemental composition  
Characterization of the abrasive powders’ surface topography and elemental 
composition were determined using scanning electron microscopy (SEM) 
(FEI Co. Ltd., Cambridge, UK) coupled to energy dispersive X-ray spectroscopy 
(EDX) (EDAX Inc., 91 McKee Drive, Mahwah, NJ 07430 USA). The abrasive 
particles were mounted on alumina stubs using double-sided adhesive tab, and 
carbon sputter-coated (Emitech K550, UK). The operating parameters used 
throughout the experiments were an accelerating voltage of 10 kV and a working 
distance of 10 mm.   
 
2.2.2 Particle size distribution  
The particle size analysis was carried out using a CILAS 1180 laser diffraction 
particle analyser (Cilas, Orleans; France) operating at an 830 nm central 
wavelength and 7 mW energy power. The measurement was conducted by 
introducing approximately 200 mg of the tested powder into the tank of the 
analysing unit. The analysis was conducted in an aqueous medium. The powders 
were sonicated (frequency 38 KHz for 60 sec) to aid dispersion in the media prior 
to the analysis. The system was cleaned and a background control reading was 
taken prior to each actual measurement. The results were analysed using the 
standard operating parameters by the means of a provided software package 
(Particle Size Expert, Cilas, Orleans; France). The results were expressed 
numerically for the median particle size (d50), the 10th percentile particle size (d10) 
and the 90th percentile size (d90). In addition, a histogram was provided containing 






2.2.3 Bioactivity test of bioactive glass abrasive powder 
The bioactivity of BAG abrasive powder was validated by soaking the powder in 
a Tris-buffer solution then analysing the glass in an FTIR to determine if the HCA 
layer has been formed (Warren et al., 1989). The Tris-hydroxy methyl amino 
methane (THAM) buffer solution was prepared as follows:  
 THAM powder (30.18 g) was added to 2000ml de-ionised water and 
stirred until completely dissolved.  
 88.4 ml of 2N HCl was added gradually to the solution with stirring. 
 The flask was filled up to 4000 ml with de-ionised water. 
 The solution was mixed well and warmed using a water bath to 37oC. 
 The pH was measured (Oakton® pH meter, Gresham, OR, USA) and 
adjusted to 7.25±0.1using 2N HCl. 
The tested powder (0.3 g) was soaked in a 200 ml Tris-buffer solution, with 
continuous stirring (stirring rate: 175 rpm) at 37oC for 20 hours (n=3). At the end 
of the soaking time, the powder was separated from the solution using a filter 
paper (Whatman Limited, UK), rinsed with acetone to halt any further surface 
reaction and air dried for 15 min. Potassium bromide (KBr) pellets were prepared 
by mixing 0.003 g of the reacted powder with 0.3 g KBr (ratio 1:100) 
(Saravanapavan et al., 2003). The mixture was compressed using an INSTRON 
model 5569A mechanical strength machine using a pellet former (Figure 2-1). 
FTIR spectroscopy (Perkin-Elmer, Beaconsfield, UK) was used to collect the 
absorbance spectra with a diffuse reflectance accessory in the frequency range 
of 400-1400 cm-1. The resultant spectra were linearised, smoothed and 
normalised to peak at ~1070 cm-1 in order to compare the relative peak intensities 
(Cerruti et al., 2005).  
  
 
Figure 2-1: The pellet former used in this study to produce the KBr pellets. 
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2.2.4 Powder flow rate study 
The nozzle output air pressure of each air-abrasion unit was measured using a 
digital pressure indicator (DPI 705, Druck, UK) attached to the output nozzle. The 
internal nozzle diameter was validated using a digital measurement device 
(Quadra-Check 300). Periodic calibration of both output pressure and the nozzle 
diameter was conducted throughout all experiments to ensure consistency and 
standardisation under all experimental conditions. 
 
Comparing the weight of a collecting container, including a layer of sponge and 
a paper filter, before and after 1 min of active air-abrasion, permitted the study of 
powder flow rate (PFR) (Figure 2-2). The included sponge layer acted as a pre-
filter to gather the powder allowing the air stream to pass preventing a build-up 
of pressure inside the container. The internal pressure of the container was kept 
consistent (0.12 psi), and monitored throughout the air-abrasion exposure using 
a manometer attached to the collecting cylinder since any increase in the 
container pressure could affect the overall PFR. Both the sponge layer and the 
paper filter were replaced after 5 exposures to prevent the build-up of the 
pressure inside the container according to results from an earlier pilot study which 
investigated this. The weight of the container was recorded, using an electronic 
scale (Sartorius-Werke GmbH, Gijttingen, Germany).  
 
In order to investigate the effect of air pressure on PFR on both Aquacut™ 
(Velopex, Harlesden, UK) and Air-Flow Master® (EMS, Nyon, Switzerland) air-
abrasion units, the PFR dial was fixed at the middle setting (3) and the air 
pressure was adjusted into 40, 60 and 80 psi, on both units. Ten measurements 
were conducted within each experimental group using BAG powder in a dry air-
abrasion mode. The powder reservoir was refilled with the abrasive powder to a 
pre-determined line consistently after three measurements (Banerjee et al., 






Figure 2-2: A diagram representing the apparatus used to study the PFR. 
 
Since the Aquacut™ air-abrasion unit (Velopex, Harlesden, UK) with a rounded 
cross sectional nozzle (internal diameter 600 µm) was chosen for cutting 
efficiency / pattern assessment experiments, the previous method was employed 
to determine PFR ranges of the PFR dial settings. For the determination, air 
pressure was fixed at 60 psi and the powder flow rate dial was adjusted to 1, 3 
and 5 values representing the minimum, middle and maximum settings 
respectively. Ten measurements were conducted in each group to calculate the 
PFR ranges for alumina and BAG powders. 
 
2.2.5 Statistical Analysis   
The statistical analysis was conducted using SPSS statistical package (version 
19, SPSS Inc/IBM, Chicago, IL). The data was tested for normality using 
Histogram/Q-Q plots/Shapiro-Wilk tests. Two-way analysis of variance (ANOVA) 
followed by a Bonferroni post-hoc test evaluated the statistical significance of 













2.3.1 Abrasive powders’ shape and elemental composition  
SEM micrographs showed that the alumina particles had an angular shape, 
shard-like. BAG 45S5 powder exhibited rounded outline profiles surrounded by a 
submicron dust but with an irregular surface roughness (Figure 2-3). The 
chemical compositions of the tested powder were determined as peaks within the 
EDX spectrum   (Figure 2-3). 
 
 
Figure 2-3: SEM-EDX for BAG (1-A) reveals the particles’ aspect ratio of 1:1, with rounded outline 
profile surrounded by a submicron dust. They contained silicon, calcium, phosphorus and sodium 
oxides. The particles within the alumina powder (1-B) exhibit an angular shape and consist of 





























2.3.2 Particle size distribution  
The particle size distribution percentiles (10, 50 and 90 %) of BAG powder and 
alumina powder are presented in Table 2-1, whilst the histogram of particle size 
distribution and the cumulative percentage of the data are shown in Figure 2-4 
and Figure 2-5. Narrow distribution characterised both tested powders, slightly 
narrower for alumina. The histograms of the tested powders exhibited a normal 
distribution. 
 
Table 2-1: Particle size distribution of BAG and alumina abrasive powders as percentile classes: 
 d10 (µm) d50 (µm) d90 (µm) 
Particle size 
distribution BAG 
29.40 60.26 92.58 
Particle size 
distribution Alumina 
16.61 34.69 51.87 
 
 
Figure 2-4: The particle size distribution of BAG air-abrasive powder in cumulative percentage 
(red line) and in frequency percentage (bars). 
 
 
Figure 2-5: The particle size distribution of alumina air-abrasive powder in cumulative percentage 






2.3.3 Bioactivity test of bioactive glass abrasive powder 
Representative FTIR spectra of BAG powder before and after soaking in Tris-
buffer are presented in Figure 2-6. The spectrum of non-reacted powder 
(Figure 2-6-A) shows a prominent peak assigned to Si-O-Si stretching mode at 
1040 cm-1  with a shoulder at 910 cm-1 related to the non-bridging oxygen Si-O-
NBO (Cerruti et al., 2005; Aina et al., 2009). A notable peak assigned to Si-O-Si 
bending vibrational mode at 520 cm-1 can be also observed (Hench and Wilson, 
1993).   
 
Following the powder soaking in Tris-buffer, the frequency (wavenumber) of the 
Si-O-Si binding peak decreased to be observed at 460 cm-1, and the non-bridging 
oxygen Si-O-NBO disappeared due to the loss of soluble silica (Figure 2-6-B). A 
new shoulder appeared at 1220 cm-1 associated with the surface component of 
the Si–O–Si vibration of a newly formed silica phase (Aina et al., 2009). Here, 
double peaks at 560 and 600 cm-1 related to the P-O bending vibrational mode of 
PO43- in crystalline calcium phosphate layer can be observed (Warren et al., 
1989; Hench and Wilson, 1993). In addition, the spectrum shows a peak at 1350 
cm-1 related to the P=O stretching vibrational mode (Peitl Filho et al., 1996). 
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Figure 2-6: FTIR spectra of BAG air-abrasive powder before (A) and after soaking in Tris-buffer 
solution for 20 hours (B). The baseline spectrum presented prominent peaks assigned to Si-O-Si 
vibrational modes, whilst the spectrum of reacted powder presents double peaks assigned to the 
P-O bending vibrations of PO43- in crystalline calcium phosphate layer. 
 
2.3.4 Powder flow rate study 
The means and their standard errors (g/min) of PFR according to the air pressure 
are presented in Figure 2-7. There was a statistically significant difference in PFR 
values between the two air-abrasion units (p<0.05). Air pressure had no effect on 
the PFR in the Aquacut™ unit which showed constant PFR for all air pressure 
values (p>0.05). However, in the Air-Flow Master® unit, the PFR at 40 psi (2.6±0.2 
mean±SE g/min) and at 60 psi (3±0.1 g/min) were significantly less than that at 
80 psi (3.9±0.1 g/min) (p<0.05). 
 











































































Figure 2-7: Powder flow rate (PFR) mean±SE (g/min) according to the air pressures. (*) indicates 
statistically significant differences in PFR measurements between air pressure 40/60 and 80 psi 
in Air-Flow® unit. 
 
PFR ranges for the Aquacut unit settings for both powders are shown in 
Figure 2-8. There was a statistically significant difference in PFR between 
alumina and BAG for the same settings (p<0.05). The PFR increased significantly 
when the powder flow rate was adjusted from minimum to maximum value within 






Figure 2-8: PFR mean values ± SE (g/min) for alumina and BAG powders correlated with variable 
powder flow rate settings (air pressure fixed at 60 psi). (*) indicates statistically significant 
differences between powder flow rate dial 1 and 5 within the BAG powder group. 
 
 
2.4 Discussion  
BAG particles have rounded outline profiles, while alumina particles have 
sharper, angular edges so potentially increasing alumina’s physical 
abrasiveness. The EDX observations revealed the chemical composition of the 
powders, showing that the powders have not been contaminated during the 
manufacturing and storage conditions. The bioactivity of BAG 45S5 powder has 
been long established in the literature (Warren et al., 1989). The BAG abrasive 
powder used was provided by an external supplier. Therefore, it was felt that the 
bioactivity of this material should be validated prior to any further use since the 
experiments in this thesis considered both the cutting efficacy as well as the 
remineralisation effect of the BAG air-abrasion system. In addition, the bioactivity 
test of BAG particles prepared for use in dental air-abrasion systems has not 
been reported in the dental literature using the standard protocol introduced by 
Warren et al. (1989). FTIR spectra shown in Figure 2-6 confirm the bioactivity of 
BAG abrasive powder by revealing the two characteristic phosphate peaks that 
correspond to the P-O bending vibrations of PO43- in the crystalline calcium 
phosphate layer formed on the particles surface (Warren et al., 1989). A previous 
study showed that BAG particles are retained on the dental surface following BAG 
air-abrasion procedure (Paolinelis et al., 2008). Hence, the ability of BAG 
86 
abrasive particles to develop HCA structures similar to that of dental hard tissue 
may prove an advantage in minimally invasive, reparative dentistry by enhancing 
the remineralisation potential of dental tissues treated using BAG air-abrasion. 
 
The variety between the alumina and BAG particles with respect to the shape 
and the size of particles may explain the differences in PFR measurements 
observed between the two powders. In addition, BAG powder exhibits different 
bulk density and atmospheric moisture uptake when compared to alumina. The 
submicron dust surrounding the BAG particles, observed in SEM micrographs, 
may influence and reduce the flow of the glass powder. Therefore, it is advised 
that BAG powder should be manually stirred in the reservoir prior to the abrasion 
procedure to help prevent the formation of agglomerates which will affect the flow 
rate and therefore, cutting efficiency.  
 
In the majority of air-abrasion units both PFR and air pressure can be controlled 
using the unit’s pre-set dials. Powder flow rate has a significant effect on air-
abrasion cutting efficiency and pattern (Jost-Brinkmann, 1998). For this reason, 
it is preferable to employ a constant PFR during the abrasion procedure. A 
previous study has shown that the emitted PFR was affected significantly by the 
amount of the powder in the powder reservoir of air-abrasion system (Banerjee 
et al., 2008b). This study evaluated the effect of air pressure on the PFR using 
two clinical air-abrasion units. These units use different mechanisms to admix the 
abrasive powder with the air propellant stream. The AquacutTM unit depends upon 
a vibration mechanism to admix the abrasive particles with the air stream and this 
explains why a constant PFR was recorded regardless of the air pressure values. 
However, in the Air-flow Master® unit where an air vortex is created inside the 
powder chamber, air pressure not only modifies the particles velocity, but also 
alters the amount of expelled powder from the air-abrasion nozzle. These findings 
are valuable for researchers and clinical users as the PFR cannot be separately 
controlled without considering the air pressure settings in some air-abrasion 





Powder flow rate measurement in air-abrasion systems demands the use of 
specialist equipment such as an electrostatic mass flow meter and heat transfer 
mass flow meter (Yan, 1996; Huang et al., 2002). The technique used in this study 
based on a simple, reproducible method to study the PFR ranges for the 
parameters tested. Powder flow rate measurement (g/min) for the powder flow 
dial values makes the results obtained using a specific air-abrasion unit 
comparable and reproducible using different air-abrasion units when the PFR is 
equilibrated to the same ranges.  
 
2.5 Conclusions 
The two null hypotheses were rejected. BAG abrasive powder formed an HCA 
layer when immersed in a simple Tris-buffer solution. Using air-abrasion should 
be preceded by system calibration to identify the factors affecting the abrasive 
powder propulsion as they differ according to each unit’s design. Vibration admix 
units exhibited a constant powder flow rate regardless of air pressure. However, 
it is advisable to check the BAG powder condition within the powder chamber 
before the abrasion procedures to obtain a consistent powder flow rate. 
Manufacturers need to take note and provide this information clearly to clinicians. 
This information should include the powder-air stream admix mechanism, the 
relationship between the set air pressure and the PFR, the ranges of PFR in g/min 
and the optimal volume of the powder in the reservoir. Those can help in 
understanding the factors that control the cutting efficiency promoting the ultra-














Chapter 3 In-vitro effect of air-abrasion operating parameters on 
the dynamic cutting characteristics of alumina and bioactive 
glass powders. 
 
Organisational flowchart of the experiments accomplished in this study. 
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Minimally invasive dentistry (MID) encourages the maintenance of as much 
repairable tooth tissue as possible and relying on adhesion techniques to achieve 
the retention and seal of the overlying restorative materials (Mount, 2007). Air-
abrasion cuts tooth tissue employing the use of kinetic energy to blast away 
surface hard tissues (Black, 1950). Using this technology in MID has the potential 
to remove irreparable carious dental tissues selectively and consequently 
enhances the preservation of healthy tooth tissues during cavity preparation 
(Banerjee and Watson, 2002; Murdoch-Kinch and McLean, 2003). Air-abrasion 
is a sensitive technique dependent upon parameters different from those of 
conventional rotary cutting (see Figure 1-1; p: 30). Therefore, it is essential to 
understand and control the system’s inter-related operating parameters for the 
optimal use of this technology in minimally invasive restorative dentistry. 
 
Using alumina abrasive powder can lead to undesirable clinical over-preparation 
of dental hard tissues (Horiguchi et al., 1997; Motisuki et al., 2006). Alternatively, 
BAG 45S5 powder has been introduced for this purpose to benefit from its 
antibacterial and remineralisation properties and its potential to remove 
selectively more softened diseased or damaged tooth structure (Paolinelis et al., 
2008). Previous studies showed that using BAG 45S5 as an abrasive powder 
exhibited more conservative cutting characteristics compared to that of alumina, 
but still removed some healthy dental tissue (Banerjee et al., 2008a; Banerjee et 
al., 2011b).  
 
Air-abrasion cutting characteristics can be altered by using different abrasive 
powders since the particles’ kinetic energy varies according to the shape, size, 
hardness and density of the abrasive powder (Bailey and Phillips, 1950; Laurell 
and Hess, 1995; Horiguchi et al., 1997). In the literature, there are no 
investigations assessing the effect of different air-abrasion parameters on the 
cutting efficiency / pattern when BAG 45S5 powder is employed as an abrasive 
powder. The present study evaluated the effect of operating parameters on BAG 
air-abrasion cutting efficiency / pattern for its development as a minimally invasive 
operative technique. This in-vitro evaluation was conducted using an enamel 
analogue, Macor™ to avoid the inclusion of confounding experimental variables 
including the variation found in the hardness of human enamel samples. This 
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evaluation was conducted under simulated clinical conditions fulfilled by 
establishing a controlled movement between the air-abrasion nozzle and the 
substrate. The dynamic cutting mimics more realistically the clinical situation 
whereby clinicians move the nozzle over the targeted substrate in a continuous 
sweeping motion. Non-contact white light profilometry was used in this study to 
measure the volume of MacorTM removed.  
 
The aim of this study was to evaluate the effect of six operating parameters: air 
pressure, powder flow rate (PFR), nozzle-substrate distance, nozzle angle, 
shrouding the air stream with a curtain of water and the abrasive powder itself, 
on the cutting efficiency / pattern of air-abrasion.  
 
The null hypotheses investigated in this study were: 
1. Altering the operating parameters of air-abrasion system has no effect on 
the cutting efficiency / pattern. 
2. Alumina and bioactive glass (BAG) abrasive powders exhibit the same 
cutting efficiency when used under standardised simulated clinical 
conditions. 
 
3.2 Materials and methods 
3.2.1 Air-abrasion dynamic cutting 
An Aquacut™ air-abrasion unit (Velopex, Harlesden, UK) with a rounded nozzle 
(internal diameter 600 µm) was used throughout this study. The powder reservoir 
was refilled to a pre-determined line consistently at the beginning of each 
experiment, and the nozzle was fixed using a micro-positioning device allowing 
the control of nozzle-substrate distance and angle according to the conditions of 
each experimental group. Periodic calibration of both output pressure and the 
nozzle diameter was conducted before each experimental session as explained 
in Section 2.2.4; p: 78. The dynamic cutting was performed in a plastic chamber 
attached to a high vacuum suction. A Macor™ sheet (MacorTM, Corning, USA), 
50 x 50 x 5 mm, was located on the stage attached to a moving coil actuator 
(SMAC, Crowley, UK). This actuator employs an attractive or repulsive magnetic 
force for its movement, whereby the position, range and speed of the produced 
linear movement are programmable. For this investigation, the SMAC was 
programmed for 10 mm linear movement at a velocity of 0.5 mm/sec, chosen as 
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this velocity was considered relatively similar to that applied by practitioners when 
the system is used for clinical enamel preparation.  
 
The six air-abrasion operating parameters evaluated in this study are addressed 
in Table 3-1. When each variable was tested, the remaining parameters were 
fixed as follows: air pressure 60 psi, PFR dial: middle value (3), nozzle angle: 90 
degrees and nozzle distance: 2 mm. Twenty experimental groups were evaluated 
by preparing ten troughs in the flat MacorTM substrate block within each group 
(n=10). Evaluation of the effect of the operating parameters was conducted in dry 
air-abrasion mode. However, to evaluate the influence on the cutting efficiency 
by shrouding the air-powder stream with a water curtain, a disposable plastic tip, 
used to mix the air stream with water, was attached to the tip of the nozzle.  
 





Parameter value tested 
Air pressure (psi) 20, 40 and 60  
Powder flow rate (PFR) dial Minimum (1), middle (3) and maximum (5)  
Nozzle angle (degrees) 45 and 90  
Nozzle distance (mm) 1, 2 and 5  
Cutting mode Dry and wet 
Abrasive powder - BAG: (29, 60 and 92 µm- particle size distribution) 
- Alumina: (16, 34 and 51 µm- particle size distribution) 
 
3.2.2 MacorTM volume removal measurement  
Using proprietary measurement control software (STAGES™, TaiCaan 
Technologies Ltd., Southampton, England), a standard scan area of 5x2 mm was 
chosen over the central region of each trough. This area included the prepared 
trough in the centre surrounded by intact MacorTM on each side, acting as a 
reference area for volume measurement. Non-contact white light confocal 
profilometry (Xyris™ 4000 WL, TaiCaan™ Technologies Ltd., Southampton, UK) 
was used to image the surface topography of the resulting 200 experimental 
troughs. The white light sensor has a 10 nm vertical resolution, a spot size of        







The resulting 3D topographic data-sets were analysed using MountainsMap® 
surface analysis software (Version 6.2.6332, SARL Digital Surf, Besançon, 
France) to obtain the volume of the troughs (mm³). A MountainsMap® macro was 
written to read and analyse the 3D data automatically using the “measure volume 
of a hole” function provided by the analysis software. This identifies and 
delineates the abraded area and calculates the volume (mm3) of included data 
points between the bottom of the abraded surface and all the points outside of 
the delimited abraded area which are used as a least squares reference plane 
(Figure 3-1). The entire trough was selected by placing four markers at the corner 
of the trough. This method is used when the outside area is sufficiently flat to be 
considered as the top of the hole by extrapolation, such as the flat MacorTM 
surface used in this study.  
 
 
Figure 3-1: Schematic of the “measure volume of a hole” function in Mountains® surface analysis 
software used to measure the volume of abrasion troughs. The hole in the centre surrounded by 
the least squares plane acting as a reference level [adapted from the analysis software provided 
instructions] 
 
Air-abrasion cutting efficiency was established by comparing the volume 
removed with the assumption that the settings were more efficient when air-
abrasion removed a greater volume of Macor™. Representative 3D selected 







3.2.3 Statistical analysis 
The statistical analysis was conducted using SPSS statistical package (Version 
19, SPSS Inc/IBM, Chicago, IL). Data were tested for normality using 
Histogram/Q-Q plots/Shapiro-Wilk tests. Repeated measures analysis of 
variance (ANOVA) and Bonferroni post-hoc tests were performed to analyse the 
cutting efficiency assessment data (p=0.05). 
 
3.3 Results 
 An increase in air pressure resulted in an increase in Macor™ volume removal 
using BAG and alumina abrasive powders. In the alumina groups, the increase 
was not different statistically between the 40 and 60 psi values (p>0.05), while it 
was within BAG groups which showed statistical differences for all air pressures 
tested (p<0.05). The volume of material removed when the air pressure was fixed 
at 20 psi was 0.75±0.05 mm³ (mean±SE mm³) in the alumina group whereas a 
significantly less material was removed in BAG group 0.3±0.01 mm³ (p<0.05). 
However, the difference in the Macor™ volume removed between the two 
powders was not significant; 1.39±0.1 mm³ in the alumina group and 0.97±0.01 
mm³ in the BAG group, when the overall air pressure was increased to 60 psi.  
 
 Analysis of box-and-whisker plots of the Macor™ volume removed according to 
the air pressure indicated that the BAG powder experimental groups exhibited a 
narrower range (whiskers) compared to those of the alumina powder groups 
(Figure 3-2), indicating that results obtained with BAG powder were more 
consistent than those of alumina. Concerning the troughs’ cross-sectional outline 
shape, air pressure variations altered the trough depth, whereas the trough width 




Figure 3-2: Box-and-whiskers plots showing Macor™ volume removed according to the air 
pressure for both powders (The star and the circle marks represent outlying values). BAG powder 






Figure 3-3: Trough’s cross-sectional outline shape according to air pressure values within BAG 





Adjusting the powder flow rate dial from a low (1) to high (5) value increased the 
cutting efficiency significantly within alumina and BAG powders (p<0.05). 
However, this increase was more pronounced in alumina powder groups as the 
volume of material removed increased from 1.64±0.04 mm³ to 2.94±0.03 mm³ 
(mean±SE mm³), while in BAG powder groups the increase was from 1.45±0.1 
mm³ to 1.94±0.05 mm³ (Figure 3-4). Setting the PFR to the lowest value caused 
more pronounced fluctuation in the base of the trough along its length 
(Figure 3-5).   
 
 
Figure 3-4: Macor™ volume removed mean±SE for alumina and BAG groups according to powder 
flow rate dial settings. (*) indicates statistically significant difference between powder flow rate 





Figure 3-5: 3D views of selected, representative BAG air-abrasion troughs showing the 
fluctuation in the base of the trough when powder flow rate dial was set at 1 (A). 
 
The means and their standard errors of MacorTM volume removed according to 
the nozzle-substrate distance are presented in Figure 3-6. Cutting efficiency in 
BAG powder groups was affected statistically by all nozzle distances included in 
this experiment (p<0.05), whereas it was only increased when the distance was 
increased from 1 mm or 2 mm to 5 mm within the alumina powder groups 
(p<0.05). The nozzle distance of 5 mm produced more rounded trough margins 
compared to those produced with shorter distances (Figure 3-7). 
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Figure 3-6: Macor™ volume removed mean±SE for alumina and BAG groups according to the 
nozzle-substrate distance. (*) statistically significant difference between distance 1/2 and 5 mm 
in alumina groups, (^) statistically significant difference between distance 1 and 2 mm in BAG 
groups, (o) statistically significant difference between distance 1/2 and 5 mm in BAG groups. 
 
Significantly more Macor™ was removed when the air-abrasion nozzle was fixed 
at 45 degrees (2.52±0.04, 1.76±0.02 mm³ within alumina and BAG respectively) 
(mean±SE mm³) rather than 90 degrees (1.39±0.1, 0.97±0.01 mm³ within alumina 
and BAG respectively) (p<0.05). The shape of the troughs varied according to 
the nozzle angle; 45 degrees produced a trough with “V” cross-section, while 90 




Figure 3-7: Trough margin variation according to the nozzle-substrate distance within BAG 
powder group (A: 1 mm, B: 2 mm, C: 5 mm). Nozzle-substrate distance of 5 mm results in a 
rounded, less well defined trough margin. 
 
There was no significant difference in the cutting efficiency between dry and wet 
air abrasion systems for both powders. In alumina groups, dry air-abrasion 
removed 3.36±0.17 mm³ (mean±SE mm³) and wet air-abrasion removed 
3.49±0.48 mm³. The Macor™ volume removed in the BAG groups was 1.84±0.34 
mm³ and 1.93±0.61 mm³ in dry and wet abrasion respectively, indicating that the 
water shroud inclusion had no statistically or clinically significant effect on the 




Figure 3-8: Representative scans revealed the cross-sectional trough shape differences between 
the 45 degrees nozzle angle (B) (trough with “V” cross-section) and 90 degrees nozzle angle (A) 
(trough with “U” cross-section) within BAG powder groups. 
 
3.4 Discussion 
Macor™ was used as the substrate in this in-vitro study for assessing the cutting 
rate and efficiency due to its consistent, uniform hardness which is not found in 
human enamel as natural enamel hardness varies from person to person 
according to the individual’s food consumption and is depth-dependent within the 
same tooth due to histological heterogeneity (Meredith et al., 1996; Maupomé et 
al., 1998; Wongkhantee et al., 2006; Cristofaro et al., 2013; Bae et al., 2014). It 
has been reported that MacorTM exhibits similar mechanical properties to those 
of enamel and behaves similarly during its cutting (Table 1-6; p: 42). Using 
Macor™ sheets also provided a reliable, flat surface as a target substrate for air-
abrasion cutting and subsequent objective analysis using optical surface 
profilometry, a “gold standard” method in assessing the substrate surface loss. 
The maximum sensitivity and accuracy of the non-contact profilometry can only 
be achieved using flattened samples (Schlueter et al., 2011). In the present study, 
the nozzle-angle was fixed at 90 degrees when other operating parameters were 
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evaluated as this setting is achievable reliably in clinical practice, and the nozzle-
substrate distance was set at 2 mm since the abrasive particles remain parallel 
and the scattering is minimal through this distance (Myers, 1954). Assessing the 
dynamic cutting efficiency has the advantage over static cutting as it mimics 
more realistically the clinical situation where the procedure is accomplished by 
moving the nozzle over the target substrate. 
 
The results of this study suggest that there was an increase in the air-abrasion 
cutting efficiency for both powders when air pressure was increased. Since the 
increase in air pressure does not increase the PFR in this unit, calibrated in 
Section 2.3.4; p: 83, this finding may be explained as being dependent upon the 
increased kinetic energy of the particles whereby the particle velocity has 
increased due to the increase in propellant pressure, thus making them more 
destructive to the substrate, concurring with previous investigations (White and 
Eakle, 2000).  
 
The finding concerning the effect of PFR on the cutting efficiency is inconsistent 
with a previous study which claimed that an increase in PFR without a 
concomitant increase in the air pressure is pointless (Cook et al., 2001). In the 
present study, employing both a dynamic cutting protocol and high vacuum 
suction reduced the surface choking of particles when excessive quantities of 
abrasive were applied. The undulating troughs resulting from using less powder 
may be caused by the irregular distribution of particles within the air stream. Most 
of the particles might be concentrated into a small portion of the stream’s cross 
sectional area (Yan, 1996). 
 
An inverse relationship between the distance and the cutting efficiency has been 
reported previously (Bailey and Phillips, 1950; Peruchi et al., 2002). When the 
nozzle-substrate distance was increased in the present study, the cutting 
efficiency improved significantly. The previous investigations’ findings were 
based on measuring the cross-sectional aspects of the cut surfaces to assess the 
cutting efficiency, whereas in this experiment the whole volume removed from the 
trough was calculated from the 3D measurements, a more accurate assessment 
of air-abrasion cutting efficiency due to two factors. Firstly, air-abrasion removes 
material unevenly. Secondly, when the working distance is increased, the trough 
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width increases more than its depth (Figure 3-7; p: 98) and this can cause 
misleading cutting efficiency assessment when the depth measurement is 
employed as in such cases, the data obtained using surface profile line 
measurements are not similar to that gained when the volume is calculated using 
a 3D profilometer. The coning angle of the air stream at 5 mm is approximately 
13 degrees (Black, 1950), and this would explain why more rounded trough 
margins were obtained at this distance.  
 
When the nozzle was fixed at 45 degrees, the percentage of the air stream’s 
peripheral portion, which presents a reduced concentration of particles with 
reduced velocity (Laurell and Hess, 1995), increased and that in turn, produced 
cross-sectional “V” shape troughs. The air-abrasion operating parameters 
controlling the nozzle position, affected significantly the cutting efficiency 
observed in both powder groups. This can be explained by the fact that increasing 
the distance and fixing the nozzle at 45 degrees reduced the surface choking of 
particles which is assumed to disturb negatively the propellant stream. 
 
In order to reduce the abrasive particle scattering during air-abrasion, a technique 
of shrouding the powder stream with a curtain of water has been introduced in 
some air-abrasion units. This modification also helps in preventing the 
dehydration of treated tissues (Banerjee et al., 2011b). The current study showed 
that shrouding the powder stream with a curtain of water had no effect on air-
abrasion cutting efficiency for both powders as the wet and dry air-abrasion 
groups resulted in similar data sets. This might be related to the fact that water is 
not involved in the powder / air admix mechanism and is only added thereafter. 
 
One of the objectives in this study was to determine the difference in cutting 
efficiency between alumina and BAG powders. It is noticeable that alumina 
powder was more aggressive than BAG powder in all settings examined in this 
study. The abrasive particles in both powders exhibit different hardness 
(aluminium oxide: 2100 VHN, BAG: 458 VHN), sizes and shapes (see 
Sections 2.3.1; p: 80 and 2.3.2; p: 81). These factors contribute considerably to 
the cutting efficiency in an air-abrasion system (Horiguchi et al., 1997; Motisuki 
et al., 2006). BAG powder groups were more sensitive to slight differences in the 
operating parameters, whilst alumina powder groups demanded considerable 
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alterations in the parameters to exhibit statistically differences in cutting rate. It is 
important to be aware that when air pressure was applied at a low value (20 psi), 
the difference in air-abrasion cutting efficiency between the two powders more 
than doubled implying that at low air pressure settings, the cutting efficiency of 
air-abrasion depends mainly on the nature of the abrasive powder rather than on 
the physics of air-abrasion unit itself. This could be a useful finding for 
researchers when they test the cutting efficiency of different abrasive powders. 
 
3.5 Conclusions 
The two null hypotheses investigated were rejected. The results of this study 
permit the following conclusions: 
1. All operating parameters involved in this study, except shrouding the 
powder stream with a curtain of water affected significantly the cutting 
efficiency of air-abrasion as well as its cutting pattern.  
2. Alumina and BAG abrasive powders revealed statistically different cutting 
efficiencies.  
3. Air-abrasion cutting efficiency is more conservative and controllable when 
BAG powder is used as an abrasive powder, encouraging its role in 
minimally invasive operative dentistry. 
 
In order to use air-abrasion efficiently, the operating parameters have to be 
controlled precisely. Both dentists and researchers are advised to set the air 
pressure to low values and consider the effect of the operating parameters on 
cutting efficiency and pattern in order to benefit from the conservative 
characteristics of BAG air-abrasion in minimally invasive dentistry (MID).  





Chapter 4  An in-vitro evaluation of the effect of operating 
parameters on selective resin composite removal using 
bioactive glass air-abrasion. 
 
Organisational flowchart of the experiments accomplished in this study. 
 
 
BAG air-abrasion in MID









































Using rotary instruments to remove or repair aesthetically and biologically 
unsatisfactory resin composite restorations or resin luting cement remnants on 
tooth surfaces after de-bonding fixed orthodontic appliance brackets, can alter 
tooth surface topography resulting in enamel cracks, scarring and scratches 
(Eliades et al., 2004; Ozer et al., 2010; Pont et al., 2010; Bonetti et al., 2011). 
These aspects are incompatible with the tooth preserving minimally intervention 
(MI) dentistry philosophy which aims to preserve the quality and quantity of 
healthy dental tissues wherever possible (Ericson, 2003). Air-abrasion tooth 
cutting technology may be a useful alternative, employing the abrasive particulate 
kinetic energy to produce rounded cavity margins, ideal internal line angle 
contours and a surface finish optimised for the adhesion of contemporary dental 
materials (Myers, 1954; Banerjee and Watson, 2002; Kim et al., 2007). The 
observation of alumina air-abrasion cutting by means of real-time confocal 
imaging revealed that air-abrasion cutting of resin composite restorations was not 
suspended at the restoration / enamel interface (Cook et al., 2001). 
Consequently, this removed similar or greater amounts of enamel to that removed 
using a bur (Kim et al., 2007; Khosravanifard et al., 2011).   
 
BAG air-abrasion has the potential to remove resin composite more selectively 
than conventional alumina air-abrasion. This has been concluded in-vitro when 
removing orthodontic adhesive cement remnants (Banerjee et al., 2008a). In the 
light of the results of Chapter 3 evaluating BAG air-abrasion cutting efficiency / 
patterns, it would seem logical to expect that altering air-abrasion operating 
parameters may affect its capacity to remove selectively resin composite and 
consequently preserve more intact enamel. Since there is no previous 
investigation published in the literature testing this hypothesis, the objectives of 
this study were to assess: (a) the effect of three clinically adjustable air-abrasion 
operating parameters, air pressure, powder flow rate (PFR) and the abrasive 
powder itself on the selective removal of resin composite and (b) the required 
clinical time taken to carry out the procedures. The selective removal 
measurement was accomplished by comparing the volume of standardised 
cavities created within an enamel analogue (MacorTM) permitting an experimental 
standardisation of hardness and thermal properties, both similar to those of 
human dental enamel.  
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The three null hypotheses investigated in this study were:  
1. Using BAG as an alternative to conventional alumina powder exhibits no 
difference in resin composite removal selectivity. 
2. There is no effect of air pressure and PFR setting on resin composite 
removal selectivity within both abrasive powder groups. 
3. The required clinical time taken is no different between alumina and BAG 
powders. 
 
4.2 Materials and methods  
4.2.1 Sample preparation  
Ninety rounded cavities with standard dimensions (diameter; 3 mm, depth; 0.7 
mm) were prepared within MacorTM blocks 50 x 50 x 5 mm (MacorTM, Corning, 
USA) using a standardised drill bit. A flat reference area around each cavity was 
protected by placing an adhesive polyvinyl chloride tape with a standard 8 mm 
round aperture, onto the MacorTM surface over the cut cavity. Thus, each cavity 
was surrounded by a peripheral ring of flat MacorTM exposed to the air-abrasion 
stream and a taped, covered area which acted as a reference from which to 
analyse the profilometry data (Figure 4-1). All cavities were filled completely with 
Filtek™ Supreme Ultra (3M ESPE, St. Paul, MN, USA) resin composite 
restorative material, and light cured (Optilux 501, Kerr, USA) for 40 seconds 
according to the manufacturer’s instructions.  
 
 
Figure 4-1: Schematic of the MacorTM surface sample design: the central circle is the cavity 
prepared and subsequently filled by the resin composite, the white middle ring presents the flat 
MacorTM surface exposed to air-abrasion throughout resin composite removal and the shaded 




Flat exposed area 
Cavity 
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4.2.2 Resin composite removal  
An Aquacut™ “wet” air-abrasion unit (Velopex, Harlesden, UK) with a circular 
cross-section nozzle (internal diameter 600 µm) was used throughout the study. 
This unit depends on a vibration mechanism to admix the abrasive powder with 
the propellant air stream and thus enables the operator to control both air 
pressure and powder flow rate (PFR) independently using pre-set dials on the 
unit’s fascia (see Section 2.3.4; p: 83). Periodic calibration of output pressure 
readings (40, 60 and 80 psi) was carried out before each experimental session 
using a digital pressure indicator (DPI 705, Druck, UK) attached to the output 
nozzle. The particle size distribution percentiles of alumina were (d10=16, d50=34 
and d90=51 µm) and those of BAG powder were (d10=29, d50=60 and d90=92 µm). 
 
In order to obtain a constant powder flow rate, the powder reservoir was refilled 
to a pre-determined line regularly throughout the experiment (Banerjee et al., 
2008b). A disposable plastic tip was attached to the external aperture of the 
nozzle to mix the powder-air stream with de-ionised water, drawn up from the 
reservoir by the negative pressure created at the nozzle tip by the emitted air-
powder stream. This reduced the powder scattering associated with the 
conventional dry abrasion procedure, but had no effect on air-abrasion cutting 
efficiency, as shown in Section 3.3. For each clinically adjustable air pressure 
value (40, 60 and 80 psi) three PFR dial settings (1, 3 and 5 representing the 
lowest, the middle and the highest values respectively on the unit) were tested, 
establishing nine experimental groups for each abrasive powder (Table 4-1; p: 
110). The resin composite was removed according to the conditions of each 
group (n=5).  
 
Complete resin composite removal was confirmed after rinsing and drying the 
cavity, by visual inspection using 2.5x magnification loupes (OrascopticHiRes; 
Sybron Dental Specialties, Orange, CA, USA) and a fibre-optic illuminator light 
(OSL1-EC, Thorlabs, USA) oriented into the operating field throughout the 
experiment. The resin composite shade (B2) was selected to present a different 
opacity to the white MacorTM background allowing the restoration in full to be 
visualised and checked for complete “clinical” removal. The total time for 
complete clinical removal of the resin composite was recorded in seconds. The 
107 
recorded time did not include the cavity examination periods throughout the 
experiment. 
 
4.2.3 MacorTM volume measurement 
The tape was removed to expose the protected reference areas. Using 
proprietary measurement software (STAGES™, TaiCaan Technologies Ltd., 
Southampton, England), a standard 10 mm circle containing the cavity in its 
centre was determined. Therefore, the scanned area included the exposed 8 mm 
area in its centre and the reference 2 mm area originally untouched and covered 
by tape. Non-contact laser profilometry (Xyris™ 4000 TL, TaiCaan™ 
Technologies Ltd., Southampton, UK) was used to scan the 90 cavities prior to 
placing the resin composite as baseline scans and then again after the completed 
air-abrasion procedure. This system employs a diode laser with 785 nm 
wavelength light source, a 0.25 µm vertical resolution, a spot size of 30 µm, and 
a gauge range of 2.5 mm. The scan was performed with a 30 µm step-over 
distance. 
 
The resulting 3D cavity images were analysed using Boddies® surface analysis 
software (Boddies v2.09, TaiCaan Technologies Ltd., Southampton, UK) to 
obtain the cavity volume after levelling the reference areas of the 3D image to a 
best fit plane. Thus, the protected reference areas surrounding the abraded 
surface became a “zero” plane, and the volume of the cavity was calculated using 
a “volume calculation function” which calculates the volume (mm3) below the set 
reference plane. The amount of intact, undesirable MacorTM volume loss was 
determined by comparing the volume of each cavity before and after resin 
composite removal. In this study, the less the MacorTM volume loss, the more 
optimal were the air-abrasion settings in as much as they led to an improved 
selectivity for resin composite removal. 
 
4.2.4 Statistical analysis 
Data was tested for normality using Histogram/Q-Q plots/Shapiro-Wilk tests. 
Multilevel linear modelling was performed to figure the significant factors using 
Stata statistical package (Stata-CorpLP v 11.2, Texas, USA). All comparisons 




Representative 3D views and cross-sectional profiles of a cavity treated with BAG 
air-abrasion are shown in Figure 4-2 and Figure 4-3. There was an increase in 
the dimensions of cavities following resin composite removal. The cross-sectional 
profiles exhibited irregular outlines following the abrasion. Rounded cavo-surface 
and internal angles with micro-roughness were observed in the cross-sectional 
views of treated cavities. The means and standard errors of MacorTM volume loss 
using alumina air-abrasion are presented in Figure 4-4 and those using BAG air-
abrasion in Figure 4-5. BAG air-abrasion removed significantly less MacorTM 
volume compared to alumina air-abrasion (p<0.05). The interaction between air 
pressure and PFR setting on MacorTM volume loss was statistically significant 
within both abrasive powders (p<0.05). This interaction affected the variability 
between the tested powders in removal selectivity. The treatment at PFR setting 
1 and an air pressure of 60 psi removed 3.5± 0.5 mm³ and 3± 0.5 mm³ (mean ± 
SE) MacorTM volume within alumina and BAG groups respectively. Higher air 
pressure (80 psi) for the same PFR setting 1 abraded 5.3± 0.6 mm³ MacorTM with 
alumina and 3.7± 0.3 mm³ for BAG. 
 
 
Figure 4-2: 3D views of selected, representative images of a cavity treated using BAG air-
abrasion. (A): The cavity prior to restoring with resin composite which was then removed using 
BAG air-abrasion (B). There was a slight increase in the dimensions of the cavity due to 





Figure 4-3: The cross-sectional views of the same cavities, presented in Figure 4-2. There was a 
slight increase in the dimensions of the cross-section (B) following the abrasion procedure when 
compared to the baseline view prior to restoring with composite (A). More rounded cavo-surface 
angles can be observed following the composite removal. 
 
Further analysis of the interaction between PFR setting and air pressure revealed 
that the MacorTM volume removed within PFR setting groups differed significantly 
within the alumina groups at air pressure of 60 psi and within BAG at air pressure 
of 60 and 80 psi (p<0.05), whilst no statistical differences within PFR setting 
groups were observed at an air pressure of 40 psi for both abrasive powders. 
More MacorTM material was removed unnecessarily when the air pressure was 
raised to 80 psi at PFR setting 3 and 5 (p<0.05).  
 
The air-abrasion parameters causing the largest undesirable removal of MacorTM 
volume with alumina were 80 psi air pressure and PFR setting 3: 7.1± 1.1 mm³, 
whilst for BAG, these settings were 80 psi air pressure and PFR setting 5: 6.7± 
0.5 mm³ (mean ± SE). Alumina removed resin composite the fastest (p<0.05) 
(Table 4-1). The time range for alumina air-abrasion was 50-130 sec, and 65-170 
sec using BAG air-abrasion. Analysis of the main effect showed there were no 
statically significantly differences in the required removal time between alumina 
and BAG abrasive powders when the air pressure was adjusted to 80 psi (p>0.05) 
and the PFR set at 5 (p>0.05). The statistically significant differences between 









Table 4-1: Mean ±SE (sec) of the time required for resin composite removal according to 
conditions of each group, and the statistically significant differences between the two tested 












Required removal time 









40 93 ±9.4 
2 60 73.4±10.2 




5** 60 66.4±3.6 




8 60 66.8±3.7 









11 60 95.6±9.7 




14** 60 111.8±10.6 




17 60 74.6±5.5 
18 80 64.6±13.6 
 




Figure 4-4: Mean±SE (mm³) of Macor™ volume loss using alumina air-abrasion. (*) indicates 





Figure 4-5: Mean±SE (mm³) of Macor™ volume loss using BAG air-abrasion. (*) indicates 
statistically significant differences between PFR 1 and 3/5 at air pressure of 60 and 80 psi. 
 
4.4 Discussion 
Optical scanning profilometry was used to assess the selective removal of resin 
composite restorations permitting an objective approach for volume loss 
quantification (Heintze et al., 2006; Ryf et al., 2012). Triangular laser profilometry 
was used for this purpose as there was a large variation between the highest and 
lowest points in 3-dimensional cavity depths (Leach, 2010). A specific area 
surrounding each cavity was taped to establish a reference level. This is a 
documented procedure in in-vitro investigations when 3D analysis has been used 
for bulk volume analysis (van Waes et al., 1997; Eliades et al., 2004; Schlueter 
et al., 2005; Kim et al., 2007). 
 
The resin composite was placed in the prepared cavity without adhesive 
procedures to avoid resin composite remnants being retained on the surface. It 
has been revealed that even though the tooth surface appeared to be resin-free 
after removing resin remnants, many retained resin islands were observed using 
SEM analysis (Hong and Lew, 1995; Tufekci et al., 2004; Banerjee et al., 2008a; 
Pont et al., 2010). In addition, the chemical composition and the microstructure 
of MacorTM are different from those of human enamel and therefore, the 
composite bonding with MacorTM is not similar to that with enamel. As mentioned 
earlier, the hardness and thermal properties of MacorTM are similar to those of 
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human enamel (see Table 1-6; p: 42), and its use in the present study eliminated 
variables that might have been induced if biological and histologically 
heterogeneous human enamel samples had been used. This use also permitted 
standardisation of the cavity shape and size within all samples.  
 
The clinical performance of dental resin composite is correlated positively to its 
mechanical properties, which in turn, are determined primarily by the filler content 
within the structure (Ferracane, 2011). The resin composite restorative material 
used in this study is a nanofilled composite containing 78.5 wt% fillers (SiO2:                
20 nm, ZrO2: 4–11 nm, SiO2/ZrO2: 0.6–20 µm aggregates) and exhibited high 
Knoop hardness (69.87 MPa) and flexural modulus (12 GPa) (Passos et al., 
2013; Thomaidis et al., 2013). These are deemed clinically suitable to permit its 
use as a restorative dental material for both anterior and posterior teeth.   
     
Resin composite restorations can be removed clinically using different operative 
technologies including rotary burs, ultrasonic instruments, lasers and air-abrasion 
(Hong and Lew, 1995; Banerjee et al., 2008a; Bonetti et al., 2011; Cochrane et 
al., 2012b; Chan et al., 2014). No single technique has been approved as ideal 
in term of removing resin composite selectively without causing unnecessarily 
damage to the enamel surface (Ozer et al., 2010; Cochrane et al., 2012b). Using 
conventional rotary instruments in this regard may produce an irregular enamel 
surface and could cause pulp inflammation due to the heat generated and 
conducted within dental tissues (Correa-Afonso et al., 2010). Lasers are a high-
cost technology and their use as a cutting tool has showed a highly variable 
cutting rate and therefore, laser use in restorative dentistry requires further 
investigation (Yip and Samaranayake, 1998; Neves et al., 2011). Cracks can 
develop using ultrasonic instruments when they are applied to a brittle enamel 
substrate (Tassery et al., 2013). In air-abrasion, the pressure applied against the 
tooth surface, the bone vibration and the rise in tissue temperature are negated, 
resulting in a relatively pain-free procedure (Black, 1955; Rafique et al., 2003). 
Using BAG abrasive powder and considering the air-abrasion operating 
parameters may promote the selectivity of resin composite removal using this 
technology. However, the clinical use of air-abrasion requires adequate training 
to avoid tooth over-preparation that may occur due to the lack of tactile feedback.  
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In the present study, air-abrasion was conducted by one operator as individual 
experience and technical skill can affect the outcome of the technique when 
removing resin composite restorations (Dorter et al., 2003). Some of the air-
abrasion operating parameters, including nozzle-substrate distance, nozzle angle 
and nozzle-movement speed, were not fixed in order to mimic the variable clinical 
situation where these parameters would and could not be controlled effectively 
and are fully operator-dependent.  
 
The cross-sectional views of cavities treated using air-abrasion exhibited rounded 
cavo-surface margins and internal line angles with micro-roughness. Those 
features are similar to those reported in human enamel and dentine using air-
abrasion (Laurell and Hess, 1995). This cutting pattern provides ideal contours 
for dental adhesive restorative materials and increases the wettability of the 
treated surface promoting the adhesion to enamel. Repairing rather than 
replacing the defective restorations is advocated in minimally invasive dentistry 
(Sharif et al., 2010). The physical interaction between air-abrasion and resin 
composites may enhance the repair of aged biological restorations (Cho et al., 
2013).  
 
BAG air-abrasion was significantly more selective than alumina air-abrasion in 
removing resin composite. This could be explained as the BAG particles used 
exhibit rounded outline profiles, while alumina particles have sharper, angular 
edges so increasing the physical abrasiveness of alumina (see Figure 2-3; p: 80). 
Also, BAG particles’ have a reduced Vicker’s hardness (VHN 458) compared to 
that of alumina powder (VHN 2300) (Hench and Wilson, 1993; Banerjee et al., 
2008a), which might reduce the removal rate of MacorTM using BAG air-abrasion. 
The results from this study are corroborated by those of a previous study where 
it was found that BAG powder was more efficient than alumina powder in 
removing selectively the orthodontic cement adhesive after bracket de-bonding 






The findings of this study suggested that there was an increase in the MacorTM 
substrate removal when air pressure was increased. The rise in propellant 
pressure increases the velocity and the kinetic energy of the carried abrasive 
particles making them more destructive to the substrate (Horiguchi et al., 1997). 
Adjusting the powder flow rate dial to its highest value led to the removal of 
significantly more of the MacorTM substrate, indicating that using excessive 
quantities of either powder is not advised. However, when reduced quantities of 
both powders were used with a low air pressure, more MacorTM substrate was 
also removed. This could be explained as the operator felt compelled clinically to 
reduce the relative movement of the air-abrasion nozzle over a specific area of 
the restoration surface to compensate for the reduction of both powder flow rate 
and particle speed. This would have the ultimate clinical effect of increasing the 
risk of operator-induced “over-preparation” at particular sites as the nozzle may 
be held stationary over specific areas of the cavity for longer periods. Therefore, 
an extreme reduction in the volume of the abrasive stream to avoid cavity over-
preparation is not recommended as the apparent benefit is nullified by the clinical 
variation of the operator. 
 
Comparing the Macor™ volume removed and the required removal time between 
both abrasive powders showed that using higher air pressure and excessive 
amounts of both powders produced similar air-abrasion cutting performances in 
contrast to those produced using reduced settings. This implies that within the 
parameters of low air pressure and PFR settings, the cutting efficiency of clinical 
air-abrasion depends primarily on the nature of the abrasive powder rather than 
on the operating physics of the unit itself. Cavity shape / size standardisation 
throughout the experimental groups allowed time evaluation due to the similarity 
of resin composite restoration volume within all samples. BAG powder required 
statistically significantly more time than alumina powder to remove the restoration 
fully. However, this difference was not significant clinically and deemed 
acceptable in-vivo, particularly if more healthy intact tissues will be preserved as 







The three null hypotheses were rejected. Within the limitations of this in-vitro 
study, the following conclusions can be drawn:  
1. BAG powder is more efficient than alumina in the selective removal of resin 
composite. 
2.  The interaction effect between air pressure and PFR on resin composite 
removal was significant. 
3. Using moderate air pressure value with reduced PFR enhanced the 
selective removal of resin composite.  
4. The time required for resin composite removal was deemed acceptable 
clinically.  
 
Bioactive glass air-abrasion promoted the selective removal of resin composite 
and therefore, may be recommended clinically for the purpose of removing resin 
composite restorations under the auspices of minimally invasive operative / 


















Chapter 5 An in-vitro evaluation of enamel white spot lesion 
remineralisation using bioactive glass and polyacrylic acid-
modified bioactive glass powders. 
 
 
Organisational flowchart of the experiments accomplished in this study. 
 
BAG air-abrasion in MID









































The subsurface porosity of an enamel white spot lesion (WSL) is the earliest 
clinical manifestation of caries caused by an imbalance between the dynamic 
biological processes of de- and remineralisation (Kidd and Fejerskov, 2004). In 
minimally invasive dentistry (MID), incipient carious enamel lesions should not be 
managed with surgical intervention, but with non-invasive preventive 
remineralisation strategies aiming to “heal” them by reversing the 
demineralisation process, preventing any further mineral loss and enhancing 
remineralisation (Featherstone, 2009). The key factore in enamel WSL 
remineralisation is to use dissolvable materials containing those ions required to 
deposit minerals similar to those of enamel and at the same time which have the 
ability to diffuse into the lesion depths (see Section 1.2.3.3; p: 51) (Tung and 
Eichmiller, 2004; Cochrane et al., 2010).  
      
Bioactive glass (BAG) 45S5 can act as a source of a large amount of CaO with 
some P2O5 in a Na2O-SiO2 matrix (Hench, 2006) and therefore, it has the 
potential to remineralise WSLs. The use of BAG 45S4 in enamel remineralisation, 
however, is relatively new when compared to other well-documented 
remineralisation systems such as fluoride and casein phosphopeptide-
amorphous calcium phosphate (CPP-ACP) implying that more evaluation is still 
required to assess the interaction between the reacted BAG particles and enamel 
substrate (Reynolds, 2008; Walsh, 2009; Wefel, 2009; Cochrane et al., 2010; Li 
et al., 2014). Polyacrylic acid (PAA) powder has been introduced into BAG 
abrasive powder in order to modulate and reduce the cutting efficiency of air-
abrasion when operatively managing dentine carious tissues (Sauro et al., 
2012b). Using BAG powder containing 40 wt% PAA might also be used to 
enhance the bond durability of self-etch adhesive systems to dentine (Sauro et 
al., 2012b). PAA may mimic the functional role of non-collagenous proteins in 
binding the calcium and phosphate ions to form nano-precursors, small enough 
to penetrate the carious lesion more effectively. (Tay and Pashley, 2008; Kim et 
al., 2010). The potential effect of PAA-BAG powder on enamel WSL 





Raman micro-spectroscopy is used as a quantitative chemical assessment 
methodology for biological samples since the Raman peak intensity is 
proportional to the number of molecules within the volume of the scanned area 
(Tsuda and Arends, 1997; Penel et al., 1998; Tramini et al., 2000). The Raman 
phosphate peak at 959 cm-1 characterises the tetrahedral PO4 group, a P−O 
bond, within hydroxyapatite (HA) (see Figure 1-10; p: 64 and Table 1-10; p: 64). 
The present study measured the intensity of this peak to assess the potential 
chemical changes during enamel remineralisation. Depth profiles of phosphate 
peak intensity along the cross-sections of the samples were created and fitted 
using a double-step function.  
 
Conventional point-by-point serial scanning mode requires long acquisition times, 
since increasing the speed of Raman imaging without compromising its inherent 
quality is unachievable in this system. This may explain why Raman micro-
spectroscopy is not as widely used in dental research compared to other 
techniques such as confocal laser scanning microscopy. Alternatively, 
StreamLineTM scanning technology was used in this study. This technology is a 
novel Raman imaging technique from Renishaw plc (Wotton-under-Edge, UK) 
that permits faster, parallel and continuous spectral acquisition utilising the 
Raman microscope optics to illuminate a moving line across the sample to read 
the data continuously (Hedoux et al., 2011). As the sample is moved using a 
motorised stage with a definable step-over distance, the spectrum moves across 
the detector so reducing the dead time between sequential data points (Evans, 
2008). To date, the use of Raman StreamLineTM scanning technology to map 
chemically dental enamel has not been reported in the literature. 
 
The aim of the present study was to evaluate the effect of BAG 45S5 and PAA-
BAG powders on artificial enamel WSL remineralisation through chemical, 
mechanical and morphological assessments using a “standard” remineralisation 
solution as a positive control and de-ionised water as a negative control. 
Microhardness measurement provides information about the mineral density and 
mechanical properties of hard tissue surfaces (White et al., 1988; Buchalla et al., 
2008), and is a reliable objective method to study de- and remineralisation of 
enamel and dentine lesions (Section 1.3.3.2; p: 65). The ultra-structural changes 
of the lesion surface were assessed using non-contact white light confocal 
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profilometry and scanning electron microscopy (SEM). Prior to the 
remineralisation study, the structure of the artificial WSLs were characterised 
using tandem scanning confocal microscopy (TSM) and optical coherence 
tomography (OCT), and the bioactivity of tested powders was chemically 
analysed using a Fourier-transform infrared spectroscopy (FTIR).  
 
The null hypothesis investigated was that enamel WSL treatment with BAG or 
PAA-BAG powders has no beneficial effect on enamel WSL remineralisation 
when compared to the positive and negative control solutions.  
 
5.2 Materials and methods  
5.2.1 Materials and Methods: sample preparation  
Fifty-two caries-free human extracted molars were used in this study. The teeth 
were stored in refrigerated de-ionised water and used within a month of the 
extraction. A diamond wafering blade (XL 12205, Benetec Ltd., London, UK) was 
used to obtain one slab (4 x 4 x 2 mm) from the buccal surface of each tooth. The 
slabs’ surface integrity was inspected using a confocal tandem scanning 
microscope (TSM) (Noran Instruments, Middleton, WI, USA), with a x20 air 
objective in reflection scanning mode. The samples were then included face down 
in acrylic resin (Oracryl, Bracon Limited, UK) using a hard-anodized aluminium 
and brass sample former (Syndicad Ingenieurbüro, München, Germany) 
(Figure 5-1).  
 
 
Figure 5-1: The hard-anodized aluminium and brass sample former used to include enamel slabs 
in acrylic resin. 
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The outer enamel layer was removed using a water-cooled rotating polishing 
machine (Meta-Serv 3000 Grinder-Polisher, Buehler, Lake Bluff, Illinois, USA) 
(Figure 5-2) using a sequential polishing protocol; 180-grit silica carbide disk 
(Versocit, Struers A/S, Copenhagen, Denmark) for 5 sec, 600-grit for 10 sec, 
1200-grit for 20 sec, 2400-grit for 30 and 4000-grit for 45 sec, followed by 3 min 
of ultrasonication to remove the smear layer at the enamel surface. The polishing 
protocol helped create more consistent, reproducible artificial enamel lesions 
reducing the variation between the samples (ten Cate and Duijsters, 1982; White 
et al., 1988), and improved the reliability of the profilometry assessment (Austin 
et al., 2010). 
 
 
Figure 5-2: The polishing machine used in this study to remove the outer layer of enamel under 
copious water irrigation creating a flattened, polished surface. The speed of the polishing disk, 
the force of polishing head and the polishing periods were standardised throughout. 
 
Dental wax was applied to protect part of the enamel leaving an exposed window 
of 3 x 1 mm in the central area. WSLs were created using a previously reported 
bi-layer demineralisation protocol of 8 % methyl cellulose gel buffered with a lactic 
acid layer (0.1 mol/L, pH 4.6) for 14 days at 37°C (Ingram and Silverstone, 1981; 
ten Cate et al., 2006), as explained in Figure 5-3. The structure of the enamel 
surface was examined in a pilot study after completing the polishing procedures. 
A confocal tandem scanning microscope (TSM) (Noran Instruments, Middleton, 
WI, USA), with a x100 oil-immersion objective in reflection scanning mode with a 
wavelength of 409 nm, was used to image the enamel prisms in the sound / 
demineralised enamel surfaces. In order to determine the lesion shape / depth, 
the samples were examined using optical coherence tomography (OCT) 





and 15 mW energy power. The set scan area (3 cm wide, 2 mm deep) included 
the lesion in the middle surrounded by sound enamel from each side.   
 
 
Figure 5-3: A schematic explaining the bi-layer demineralisation protocol used in this study to 
create artificial WSLs. Seven samples are placed at the bottom of a glass container and covered 
by a layer of 8% methyl cellulose gel (200 ml) which in turn is buffered by a layer of lactic acid 
solution (200 ml) at pH 4.6 for 14 days. 
 
5.2.2 Materials and Methods: powder preparation and bioactivity testing   
PAA-BAG powder was prepared by mixing 60 wt.% BAG 45S5 powder with 40 
wt.% PAA powder (MW: 1800, Sigma Chemicals, Gillingham, Dorset, UK) for        
5 min at 300 rpm. Prior to the mixing procedure, BAG and PAA powders were 
sieved for 120 min using a sieve (Fischer Brand, UK) with an automatic shaking 
unit (Endecott, London, UK) to break down any agglomerations that might have 
formed within the powder during the storage. The particle size of BAG and PAA-
BAG powders was measured as explained in Section 2.2.2; p: 76. The 
homogeneity of the mixed powders was validated using FTIR spectroscopy 
(Perkin-Elmer, Beaconsfield, UK) to detect the vibration of C=O (PAA) at 1710 






(0.1 mol/L, pH 4.6)
Paper filter
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The bioactivity tests of BAG and PAA-BAG were conducted as explained in 
section 2.2.3; p: 77. Briefly, 0.3 g of tested powder was added to 200 ml Tris (tris-
hydroxymethyl amino methane) buffer solution adjusted to 7.25±0.1using 2N HCl. 
The bioactivity test was conducted with continuous stirring (stirring rate: 175 rpm) 
at 37oC for 20 hours (n=3 for each tested powder). The powder was then filtered, 
acetone-washed and air-dried. Potassium bromide (KBr) pellets were prepared 
as mentioned in section 2.2.3 and scanned using FTIR spectroscopy to collect 
the absorbance spectra with a diffuse reflectance accessory in the frequency 
range of 400-1400 cm-1.  
 
5.2.3 Materials and Methods: remineralisation therapy 
Samples were assigned randomly into four experimental groups, detailed in 
Table 5-1. Microhardness measurements of intact sound enamel in each sample 
were recorded to calculate any statistical difference between specimens in each 
group prior to any remineralisation therapy. The sound enamel areas around the 
WSL were taped over with polyvinyl chloride tape throughout the experimental 
procedures, and removed at the end of the remineralisation therapies. BAG and 
PAA-BAG were prepared as slurries using de-ionised water (L/P ratio of 1g m-1) 
(Dong et al., 2011), and applied onto the lesion surface without any mechanical 
agitation. The remineralisation therapies were conducted for 7 days at 37° C and 
refreshed daily. At the end of the remineralisation therapies, the samples were 
rinsed with de-ionized water and assigned for microhardness and Raman 















Table 5-1: The experimental groups and composition of applied materials: 
Group 
(n=13) 
Remineralisation therapy Composition 
 
1 
BAG slurry prepared with de-
ionized water 
(L/P ratio of 1g ml-1) 
45S5 BAG powder  
    
 
2 
PAA-BAG slurry prepared 
with de-ionized water 
(L/P ratio of 1g ml-1) 
60 wt% 45S5 BAG powder 
     
40 wt% Polyacrylic acid (PAA) powder   









Remineralisation solution (ten Cate et al., 2006): 
20 mM Hepes 
130 mM KCl, 
1.5 mM CaCl2  
 0.9 mM  KH2PO4  
 pH 7.0 with KOH 





Figure 5-4: A schematic representing the number of specimens within each experiential group 

















5.2.4 Materials and Methods: surface and cross-sectional microhardness 
measurements  
A Struers Duramin microhardness tester (Struers Ltd., Denmark) with a Knoop 
diamond indenter was used (25 g load applied for 10 sec). The indentations were 
imaged using a x40 air objective and the Knoop microhardness values (KHN) 
were calculated using the manufacturer’s software supplied. Prior to each 
measuring session, the tester was calibrated (n=5) using a calibrated transfer-
standard block (N 0441, UKAS calibration, UK). Five measurements, 200 µm 
apart, were recorded and then averaged to measure the lesion surface 
microhardness of each sample.  
 
The samples were then hemi-sectioned using a diamond wafering blade. Each 
cross-sectioned surface was hand-polished up to 1200-grit to produce a flat 
surface. The integrity of the lesion and the flatness of the cross-sections were 
examined prior to any further experimental analyses using a confocal tandem 
scanning microscope (TSM) used in a reflection scanning mode using a x20 air 
objective and 409 nm wavelength. For cross-sectional microhardness testing, 
three measurements, 100 µm apart and 30 µm away from the outer lesion surface 
were recorded and averaged within each sample. 
 
5.2.5 Materials and Methods: Raman micro-spectroscopy  
A Renishaw inVia Raman microscope (Renishaw Plc, Wotton-under-Edge, UK) 
running in StreamlineTM scanning mode was used to scan the cross-sectioned 
surfaces using a 785 nm diode laser (100% laser power) focused using a x20 air 
objective. The signal was acquired using a 600 lines/mm diffraction grating 
centred at 800 cm-1 and a CCD exposure time of 2 sec. Raman spectra were 
displayed using Renishaw WiRE 3.2 software (Renishaw Plc, Wotton-under-
Edge, UK). The microscope was calibrated using an internal silicon sample with 
a characteristic band at 520 cm-1 prior to each scan session.  
 
The sample was positioned in focus, placing the air/lesion interface exactly 
parallel to the horizontal line of the crosshairs pointer. Using the charge-coupled 
device (CCD) supplied with the system, a stitched montage image was created 
at the middle part of the lesion for each sample composing of 1x2 images in the 
horizontal and vertical directions respectively. For each sample, a Raman map of 
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the air/lesion/enamel interface was recorded. The map was started at 125 µm on 
the outer side of the lesion (air) and extended to approximately 400 µm within the 
sound enamel, covering an area of 525 X 350 µm2 and containing 1740 spectra 
acquired with a 2.7 µm resolution across the air/lesion/enamel interface. 
  
Raman maps were exported into in-house curve-fitting software to fit the spectra 
and to generate grey-scale images (Figure 5-5-A) and depth profiles of phosphate 
peak intensity at 959 cm-1 (PO4-3 ν1) over the distance across the interface 
(Figure 5-5-C). The minimum and the central energy values of the phosphate 
peak were selected in the spectrum at 939 cm-1 and 959 cm-1 respectively, 
identified using a liner regression model provided by the software. The 
demineralised enamel produced a background autofluorescence (AF), as do 
most biological samples (Figure 5-5-B). To take this slowly varying background 
signal into consideration, the spectra were fitted by the means of in-house curve-
fitting software with a linear combination of a Gaussian function and a first order 
polynomial.  
 
The Raman analysis in the current study was based on peak ratio analysis, 
namely: the ratio between the mineral peak within the lesion and the mineral peak 
within healthy enamel. This ratio was analysed by fitting the depth profiles of 
phosphate peak intensity objectively using a double-step function, by the means 
of a custom-written software (Figure 5-5-C), to obtain the phosphate peak 
intensity percentage within the lesion compared to that of the deeper sound 
enamel (the distance between lesion and sound steps in the vertical direction), 





Figure 5-5: (A): representative grey-scale image of Raman phosphate peak intensity at 959 cm-1 
including the lesion (L) and sound enamel (S) areas of the scanned map. (B): Raman spectra of 
the lesion and deep sound enamel areas within the same sample. (C): depth profile of phosphate 
peak intensity (broken red line) fitted using a double-step function (solid line).  
 
5.2.6 Materials and Methods: profilometric analysis 
A standard scan area of 3 x 2 mm was chosen over the WSL to include the lesion 
in the centre (1 mm) surrounded by flat sound enamel on each side (1 mm), acting 
as a reference area. The sample surface was scanned before and after 
remineralisation therapy using optical white light confocal profilometry (Xyris™ 
4000 WL, TaiCaan™, Southampton, UK) with a 10 µm step-over distance and a 
10 nm vertical resolution. The resulting 3D images were analysed by levelling the 
sound enamel areas to a best-fit. Thus, the protected reference sound enamel 
areas surrounding the WSL became a reference plane with an average “z” height 
value of “0”. The step height measurement of the lesion surface in relation to the 
sound enamel level, which was protected by a tape throughout the 
remineralisation therapy, was obtained by averaging five measurements along 
the lesion within each sample using Boddies® surface analysis software (Boddies 
v2.09, TaiCaan Technologies Ltd., Southampton, UK). 
 
 








































5.2.7 Materials and Methods: SEM  
A scanning electron microscope (FEI Co. Ltd., Cambridge, UK) was used to 
examine the ultra-structure of the lesion surface (accelerating voltage of 10 kV, 
working distance of 10 mm). The samples were gold sputter-coated before SEM 
analysis (Emitech K550, UK). A further two samples from the PAA-BAG and 
negative control groups were sectioned using a diamond wafering blade, gold 
sputter-coated and scanned using the same parameters. The scanned area 
included both the lesion cross-section and part of its surface.  
 
5.2.8 Materials and Methods: statistical analysis 
Statistical analysis was conducted using SPSS statistical software (version 20; 
SPSS Inc., IBM, Chicago, IL, USA). Data were tested for normality using 
Histogram/Q-Q plots/Shapiro-Wilk tests, and using one-way analysis of variance 




5.3.1 Results: sample preparation  
A photograph of one of the samples used in this study is presented in  Figure 5-6 
showing the artificial WSL in the centre surrounded by flattened, polished sound 
enamel acting as a reference area. The OCT images showed the cross-sectional 
view of the lesion in the centre (approximately 70-100 µm deep), with an 
increased signal intensity when compared to the surrounding sound enamel            
(  Figure 5-6). The lesion surface layer was intact and at the same level of the 
adjoining sound enamel. Figure 5-7 shows representative TSM images of the 
polished enamel surface prior to (A) and post- (B) production of an artificial WSL. 
The cross-sectional views of enamel prisms were detected in both TSM images, 













  Figure 5-6: A photograph of one of the samples used in this study shows the WSL (L) in the 
centre of the enamel slab surrounded by an intact enamel area (S). The OCT image on the right 
side presents the cross-sectional view of the sample. The lesion in the centre exhibits an 
increased signal intensity compared to the surrounding sound enamel.    
 
   
 
 
Figure 5-7: Confocal tandem scanning microscopy images of an enamel surface after the 
polishing procedure (A) and after the demineralisation process (B). The cross-sections of enamel 
prisms (P) can be detected in both images, with mineral dissolution in the interprismatic region 


















5.3.2 Results: powder preparation and bioactivity testing 
The particle size distribution percentiles (10, 50 and 90 %) of BAG and PAA-BAG 
powders are presented in Table 5-2, whilst the histogram of particle size 
distribution and the cumulative percentage of the data are shown in Figure 5-8 
and Figure 5-9.  
 
Table 5-2: Particle size distribution of BAG and PAA-BAG powders as percentile classes: 
 d10 (µm) d50 (µm) d90 (µm) 
Particle size 
distribution BAG 
1.98 10.88 20.84 
Particle size 
distribution PAA-BAG 
2.12 12.05 25.12 
 
 
Figure 5-8: The particle size distribution of BAG powder in cumulative percentage (red line) and 
in frequency percentage (bars). 
 
 
Figure 5-9: The particle size distribution of PAA-BAG powder in cumulative percentage (red line) 







Representative FTIR spectra of PAA-BAG and BAG are shown in Figure 5-10.  
The spectrum of BAG presented high prominent peaks of Si-O-Si stretching mode 
at 1040 cm-1 and 910 cm-1 related to the non-bridging oxygen Si-O-NBO (Hench 
and Wilson, 1993; Aina et al., 2009). The band at 1450 cm-1 is assigned to a 
carbonate group which formed due to the reaction between the atmospheric CO2 
and some available Ca2+ surface ions (Cerruti et al., 2005). The FTIR spectrum 
of PAA-BAG exhibited the above peaks, but with an additional peak at 1710                
cm-1 related to a carbonyl group (C=O) of PAA powder (Li et al., 2004), providing 
evidence of the powder’s homogeneity. 
 
Figure 5-10: FTIR spectra of PAA-BAG (A) and BAG (B) powders showing the peaks assigned to 
Si-O-Si vibrational modes of BAG in both spectra. An additional peak at 1710 cm-1 assigned to 
the C=O of PAA appeared in (A). 
 
The results of the bioactivity test of BAG and PAA-BAG powders are presented 
in Figure 5-11 and Figure 5-12 respectively. A shift in the main peak was 
monitored in both powders as a result of growing phosphate component (Cerruti 
et al., 2005; Aina et al., 2009). The non-bridging oxygen Si-O-NBO disappeared 
due to the loss of soluble silica within BAG and PAA-BAG powders (Peitl Filho et 
al., 1996). Double peaks at 570 and 600 cm-1 related to a P-O bending vibrational 
mode within the crystalline hydroxyapatite layer could be recognized in BAG 
powder (Figure 5-11-B) (Hench and Wilson, 1993). However, those double peaks 
did not appear in PAA-BAG, but were replaced with one peak at 570 cm-1 
(Figure 5-12-B). The intensity of this peak was lower than those of the double 
peaks observed in the BAG spectra.  
 








































Figure 5-11: FTIR spectra of BAG powder (d10=1.98, d50= 10.88,  d90=20.84 µm) before (A) and 
after soaking in Tris-buffer solution for 20 hours (B). The baseline spectrum presented prominent 
peaks assigned to Si-O-Si vibrational modes, whilst the spectrum of reacted powder presents 



















































































Figure 5-12: FTIR spectra of PAA-BAG powder before (A) and after soaking in Tris-buffer solution 
for 20 hours (B). The baseline spectrum presented prominent peaks assigned to Si-O-Si 
vibrational modes, whilst the spectrum of reacted powder presents one peak at 570 cm-1. 
 
5.3.3 Results: surface and cross-sectional microhardness measurements  
Knoop microhardness measurements of sound enamel showed consistent values 
(p>0.05) within the experimental groups prior to commencing the remineralisation 
therapies. The sound enamel Knoop microhardness was 329.5±23.1 KHN 
(mean±SE) within the BAG group, 307.5±20.9 KHN in the PAA-BAG group, 
299.9±22.0 KHN in the remineralisation solution group and 326.1±21.4 KHN for 













































































The means and the standard errors of lesion microhardness measurements are 
shown in Figure 5-13. The treated enamel lesions using BAG slurry, PAA-BAG 
slurry and standard remineralisation solution exhibited significantly higher 
(p<0.05) surface microhardness when compared to the negative control group. 
The BAG group exhibited the highest surface Knoop microhardness (138.3±4.7) 
KHN, but with no statistically significant differences compared to PAA-BAG 
(114.8±4.5 KHN) and remineralisation solution (131±16.4 KHN) groups (p>0.05). 
The cross-sectional Knoop microhardness in the negative control group was 
significantly less (p<0.05) than those in the BAG, PAA-BAG and remineralisation 
solution groups. The highest cross-sectional Knoop microhardness was found 
within the remineralisation solution group (77.3±10.6 KHN), but with no 
statistically significant differences (p>0.05) to BAG (64.2±2.7 KHN) and PAA-
BAG (62.2±5.1 KHN) groups. 
 
 
Figure 5-13: Mean±SE of surface and cross-sectional Knoop microhardness according to the 
remineralisation therapy. (*) indicates statistically significant difference in the surface Knoop 
microhardness between the negative control and the remaining groups. (^) indicates statistically 
significant difference in the cross-sectional Knoop microhardness between the negative control 







5.3.4 Results: Raman micro-spectroscopy  
Representative Raman spectra of sound and demineralised enamel within the 
same sample are presented in Figure 5-5-B; p: 126. The four internal vibration 
modes of phosphate (PO43-) within the enamel were observed as peaks at 433 
cm-1 (symmetric bending vibrational mode - PO43- v2), 579 cm-1 (asymmetric 
bending vibrational mode - PO43- v4), 959 cm-1 (symmetric stretching vibrational 
mode - PO43- v1) and 1029 cm-1 (asymmetric stretching vibrational mode - PO43- 
v3). All those peaks were observed within sound and demineralised enamel 
spectra with no difference in their positions, but with a considerable reduction in 
the peaks’ intensity within the demineralised enamel compared to the sound. The 
strongest peak along sound and demineralised enamel spectra was that of            
v1 PO43- at 959 cm-1. 
 
The percentage of phosphate peak intensity within the lesion varied significantly 
according to the remineralisation therapies (p<0.05). The means and the 
standard errors of lesion phosphate peak intensity percentage are presented in 
Figure 5-14. The phosphate peak intensity percentage within the lesion 
compared to that of the deeper sound enamel in the negative control group was 
38.18±1.7% (mean±SE), significantly less (p<0.05) than that of BAG group 
(48.93±2.7%), PAA-BAG (49.1±2.6%) and remineralisation solution 
(50.19±3.5%). However, the treatment did not reduce the lesion depth 
significantly (p>0.05) compared to that of the negative control group. The lesion 
depth was 81.4±3.2 µm (mean±SE) within the negative control group, 66.7±3 µm 
in the BAG group, 75.1±6.5.1 µm in the PAA-BAG group and 67.6±4.8 µm for the 
remineralisation group.  
 
Representative grey-scale images and depth profiles of PO43- v1 peak intensity 
are presented in Figure 5-15. Overall, there was a considerable drop in the depth 
profile in all groups within the lesion area (125 – 200 µm) compared to the deep 
sound enamel area (≥200 µm) which in turn, presented similar intensity profiles 
within all the samples tested. The depth profiles within the negative control group 
exhibited larger distances between the lesion and deeper sound enamel steps, 
in the vertical direction, compared to the other groups implying that less 
phosphate content was present within the lesion. The depth profiles of BAG and 
the remineralisation solution showed a sharp peak within the lesion step, whilst 
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within PAA-BAG depth profiles the phosphate peak intensity increased along the 
whole lesion depth. 
 
 
Figure 5-14: Mean±SE of phosphate peak intensity percentage within the lesion according to the 
remineralisation therapy. (*) indicates statistically significant difference between the negative 






















Figure 5-15: Representative grey-scale images and depth profiles of phosphate peak intensity according to the treatment. A variance in the height / shape of the lesion 
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5.3.5 Results: profilometric analysis 
A representative 3D view of the sample surface showing the lesion in the centre 
surrounded by sound reference enamel is presented in Figure 5-16. Using BAG 
and PAA-BAG as a slurry did not damage the surface layer of the lesion as the 
profilometry step height difference measurement of lesion surface before and 
after treatment showed no statistically significant difference (p>0.05) within all 
experimental groups; (0.64±0.29 µm) (mean±SE) in the BAG group, (0.78±0.24 
µm) for the PAA-BAG group, (0.56±0.24 µm) within remineralisation solution 
group and (0.46±0.20 µm) in the negative control group. 
 
 
Figure 5-16: Representative 3D profilometry image of the surface shows the lesion in the centre 
surrounded by sound enamel acting as a reference level for step height measurements. 
 
5.3.6 Results: SEM  
Representative SEM images of samples from each of the four experimental 
groups are shown in Figure 5-17. Variance was detected between the negative 
control and the remaining experimental groups. The lesion surface in the negative 
control exhibited porosity resulting from the demineralisation process, with no 
evidence of mineral deposition (Figure 5-17-A). SEM images of BAG exhibited 
mineral depositions with large plate-like structures and small cubic structures 
(Figure 5-17-B). The mineral precipitations were smaller within the PAA-BAG 
compared to the BAG group with small flake-like structures blocking completely 
the porous lesion surface (Figure 5-17-C). Small rounded particles covering the 









Figure 5-17: Representative SEM images of lesion surface according to the treatment (at 50,000x 
magnification). (A): lesion surface within the negative control group exhibits porosity (arrow) with 
no mineral depositions. (B): mineral precipitations with large plate-shape (star) and small cubic-
shape (arrow) structures in BAG group. (C): small flake-like structures covered and blocked the 
surface porosity in PAA-BAG group (arrow). (D): small rounded particles (arrow) within the 
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The cross-sectional views of PAA-BAG (Figure 5-18-B) showed a layer of mineral 
covering the lesion surface, whilst no evidence of remineralisation was detected 
within the negative control group (Figure 5-18-A). The high magnification images 
of the cross-sections showed flake-like structures attached and embedded to the 
lesion surface within the PAA-BAG group (Figure 5-18-B).       
 
 
Figure 5-18: SEM images of cross-sections within the negative control and PAA-BAG groups at 
800x (left) and 10,000x (right) magnifications. The broken line determines the border between the 
cross-sectional view and the lesion surface (top). The lesion surface within PAA-BAG (B) is 
covered with a layer of flake-like structures in contrast to that of the negative control which showed 
no mineral precipitations (A). Higher magnification of the outer edge of the lesion showed the 


















5.4 Discussion  
5.4.1 Sample preparation  
Natural enamel WSLs exhibit a wide variety in shape, size and mineral content 
(Huang et al., 2007; Cochrane et al., 2012a). These variations have a marked 
influence on the effect of remineralisation therapy since the absolute amount of 
mineral gain is negatively correlated to the baseline mineral content of the lesion 
(Strang et al., 1987; White et al., 1988; Lynch et al., 2007). A study conducted by 
Silverstone et al. (1981), to compare the remineralisation between natural and 
artificial WSLs in human dental enamel, revealed large differences in 
remineralisation outcomes of natural lesions compared to those of artificial 
lesions which followed a similar trend in reminerlistion rate. In order to avoid the 
inherent biological variations in populations of natural WSLs, artificial lesions 
have been created for use in in-vitro remineralisation studies. Different methods 
have been described in the dental literature to create artificial enamel carious 
lesions (see Table 1-9; p: 50).  
 
The protocol used in this study to produce WSLs is based on using a thick methyl 
cellulose gel layer over the enamel surface (Figure 5-3; p: 121) to slow the attack 
of lactic acid, thus altering the rate of dissolution in a manner so that it becomes 
slower at the enamel surface and higher at the subsurface level (Gray, 1966; 
Silverstone, 1967; Holly and Gray, 1968; van Dijk et al., 1979). The lesion created 
using this protocol has been described as a subsurface enamel carious lesion as 
it exhibits an intact outer surface and a reduced depth when compared to those 
created using other protocols (Magalhaes et al., 2009). The OCT images 
revealed that the lesions exhibited an intact surface layer and extended 
approximately to 70-100 µm. Those features are similar to those of natural 
enamel white spot lesions. 
 
After tooth eruption, changes occur in the outermost enamel layer as it is hyper-
mineralised by fluoride and salivary ions during the dynamic balance of de- and 
remineralisation processes in the oral environment (Weatherell et al., 1972; 
Wilson and Beynon, 1989). Removing the outermost layer prior to creating 
artificial WSLs is a well-documented procedure that helps in creating more 
consistent, reproducible enamel lesions and reduces the variation between the 
biological samples (ten Cate and Duijsters, 1982; White et al., 1988; Weir et al., 
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2012). The TSM micrographs showed the removal of the aprismatic layer and the 
exposure of enamel prisms in the polished sound and demineralised enamel 
surfaces.  
 
5.4.2 Powder preparation, bioactivity testing and remineralisation therapy 
The further purpose of this study was to use the tested powders in air-abrasion 
technology to treat and pre-condition carious tissues using bioactive materials so 
potentially enhancing the following remineralisation therapies (see Chapter 6). A 
pilot study showed that using BAG (d10=24, d50=60 and d90=92 µm) as an 
abrasive powder was inefficient in pre-conditioning the WSL surface rather than 
cutting it and therefore, significantly a smaller BAG 45S5 powder (d10=1.98, d50= 
10.88 and d90=20.84 µm) was selected for this purpose. The use of BAG 45S5 in 
enamel remineralisation is at an early stage of development compared to other 
well-investigated and documented remineralisation systems such as fluoride or 
CPP-ACP implying that further evaluations are still required (Zero, 2006; 
Reynolds, 2008; Rehder Neto et al., 2009; Walsh, 2009; Cochrane et al., 2010; 
Li et al., 2014). In the present study, the chemical, mechanical and ultra-structural 
changes within enamel WSLs remineralised using BAG or PAA-BAG slurry were 
evaluated using positive and negative controls permitting accurate comparisons 
throughout.       
 
PAA powder has been introduced into BAG 45S5 powder in order to modulate 
the cutting efficiency of air-abrasion and to reduce the micropermeability between 
the dentine and the adhesive layer so enhancing the bond durability (Sauro et al., 
2012b). The incorporation of PAA into bioactive materials interacts in the 
nucleation / growth of HA crystals (Kamitakahara et al., 2001; Yli-Urpo et al., 
2005; Liu et al., 2011; Niu et al., 2014). It has been assumed that the (–COOH) 
functional group of PAA mimics the carboxyl terminal regions of non-collagenous 
proteins in binding the calcium and phosphate ions to form nano-precursors small 
enough to penetrate the carious lesion more effectively (Tay and Pashley, 2008; 
Qi et al., 2012). The FTIR spectra of reacted PAA-BAG did not show the double 
peaks of the crystalline calcium phosphate layer at 570 cm-1 and 600 cm-1 which 
appeared in the FTIR spectra of reacted BAG. Alternatively, a single peak was 
observed in the spectrum at this region indicating that the addition of PAA to the 
BAG particles affected the rate at which the glasses’ calcium phosphate 
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crystallises. Adding PAA to BAG, however, did not inhibit the dissolution of the 
glass and the growing of the phosphate component since the FTIR spectra of 
reacted PAA-BAG exhibited: 
1. a shift in the main peak from 1030 cm-1 to 1070 cm-1 representing the 
growing phosphate component (Cerruti et al., 2005),  
2. a dissolution of non-bridging oxygen Si-O-NBO due to the loss of soluble 
silica (Peitl Filho et al., 1996),  
3. the presence of C-O vibrational peak, associated with the incorporation of 
carbonate anions in the apatite crystals (Hench and Wilson, 1993), 
4. a peak at 13050 cm-1 assigned to the P=O vibrational mode (Peitl et al., 
2001).  
 
In the present study, PAA was not included in BAG processing and therefore, it 
was not released from BAG particles, but interacted with reacted BAG 
agglomerates. The concentration of PAA was selected depending on an earlier 
pilot study which considered using PAA-BAG as an air-abrasive to pre-condition 
enamel WSLs. Both the flowability as well as the abrasiveness of the PAA-BAG 
composition, used in this study, were deemed suitable to pre-condition enamel 
WSLs prior to the following remineralisation therapy.  
     
5.4.3 Surface and cross-sectional microhardness measurements  
The mineral content change of remineralised carious lesions does not reflect 
necessarily a functional mechanical recovery (Bertassoni et al., 2009). Therefore, 
the biomechanical properties of remineralised lesions should be evaluated to 
assess the tissue integrity. From a clinical perspective, hardness is one of the 
main methods used by practitioners to assess carious lesions (White et al., 1988; 
Banerjee et al., 2010). Microhardness measurement introduces indirect, 
quantitative information about the de- and remineralisation of enamel WSLs 
(Section 1.3.3.2; p: 65). The cross-sectional measurement in the present study 
was conducted 30 µm away from the outer lesion surface due to the size of the 
Knoop indenter and to the reduced depth of the lesion itself which did not allow 
accurate measurement other subsurface levels. The results indicated that the 
lesion surface microhardness was considerably higher than the equivalent cross-
sectional measurement within all experimental groups. In the negative control 
group, this could be explained as the WSLs exhibit increased porosity and 
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demineralisation at the subsurface level (Robinson et al., 2000). Raman micro-
spectroscopy analysis showed that much of the “new” minerals were formed and 
deposited at the superficial part of the lesion rather than the lesion body, which 
in turn can explain the increased surface microhardness compared to cross-
sectional measurement within the remineralisation groups.  
 
BAG, PAA-BAG and the positive control groups exhibited higher surface and 
cross-sectional Knoop microhardness values compared to the negative control 
group. A previous study showed that WSLs created within bovine enamel slabs 
and treated using BAG paste had significantly higher surface microhardness than 
the untreated lesions (Burwell et al., 2009b). Sound enamel surface submitted to 
acid solutions and treated with BAG 45S5 particles also presented higher surface 
and cross-sectional hardness when compared to the negative control group 
(Dong et al., 2011; Deng et al., 2013). This mechanical improvement might reflect 
the “new” mineral deposition within the lesion, resulting from BAG 45S5 
bioactivity process that forms HCA structures.   
 
5.4.4 Raman micro-spectroscopy  
Raman micro-spectroscopy is a non-destructive sample preparation technique, 
with a linear response to chemical concentration and label-free analytical method 
(Tsuda and Arends, 1997). This method was used in this study to measure the 
phosphate content along the cross-sections of enamel WSLs. The use of the 
StreamLineTM technique in the present study permitted the acquirement of 1740 
spectrum per sample in a relatively short time (approximately 15 min). The 
StreamLineTM mapping technique has been shown to be 3-7 times faster than 
conventional point-by-point serial scanning (Hutchings et al., 2008; Hedoux et al., 
2011). In this system, the sample is stepped along an illuminated laser line 
synchronously with the data read out, thus reducing the dead time between 
sequential data points (Hutchings et al., 2009).  
   
Increasing the number of spectra exhibits an advantage in obtaining a more 
representative dataset of the scanned sample. The Raman charge-coupled 
device (CCD) records the back scattered beam from each point and projects it as 
a Raman spectrum for each designated point to produce a Raman chemical 
image whereby, every point is represented by its own Raman spectrum that 
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indicates the chemical composition of the sample at that point (see Figure 5-5-A; 
p: 126). The number of Raman spectra acquired in this study for each sample 
(1740) is considerably higher than those reported in previous studies evaluating 
enamel carious lesions, Ko et al. (2005) acquired 81 spectra, Gilchrist et al. 
(2007) recorded 9 spectra, Mohanty et al. (2012) measured 50 spectra and 
Spizzirri et al. (2012) scanned 10 spectra per sample.  
 
The phosphate Raman peaks were observed within Raman spectra at the same 
positions detected in the literature (Tsuda and Arends, 1997; Awonusi et al., 
2007). Peak intensity evaluation has been reported as a suitable parameter to 
detect a difference between sound and demineralised enamel regions (Ko et al., 
2005). In the present study, the phosphate peak intensity within the demineralised 
enamel was compared to that of the deeper sound enamel within the same 
sample, acting as a reference area. The lesion presented 40% phosphate peak 
intensity compared to the deeper sound enamel in the control group. This drop in 
the depth profile extended to approximately 80 µm depth. These depth profile 
features, of phosphate peak intensity within artificial enamel white spot lesions, 
are consistent with those described in a previous study (Mohanty et al., 2012).  
 
Scanning the demineralised enamel lesion produced a small amount of 
autofluorescence. In order to consider the background fluorescence in each 
Raman spectrum, the PO peak was fitted by the means of in-house software 
using a Gaussian function and a first order polynomial. Fitting the spectrum peaks 
is a well-documented procedure in Raman analysis prior to any further 
measurement (Awonusi et al., 2007; Atmeh et al., 2012; Salehi et al., 2012; 
Jegova et al., 2013; Toledano et al., 2014). In the present study, the combination 
of high spatial resolution (2.7 µm), rapid map acquisition with an efficient curve 
fitting and data analysis software provided a unique analytical technique to 
characterise the mineral changes in the treated WSLs.     
 
The measurement of Raman phosphate peak intensity at 959 cm-1 has been used 
previously to assess the demineralisation degree in enamel and dentine caries 
(Tsuda and Arends, 1997; Tramini et al., 2000; Kinoshita et al., 2008; Almahdy 
et al., 2012). This study translated this measurement to detect the phosphate 
increase in WSLs following the remineralisation therapy. The statistical analysis, 
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the grey-scale images and depth profiles of PO43- v1 peak intensity measurement 
showed that the remineralisation therapies increased significantly the phosphate 
content within the lesion when compared to the negative control group. A 
previous study has reported the appearance of the PO43- v1 peak at the early 
stage of the remineralisation process within cartilage tissue (Sauer et al., 1994). 
The appearance of this peak was also used to detect the formation of HA on the 
calcium silicate pill after treatment in phosphate buffer at pH 7 (Parker et al., 
2014). The spectral characteristic of the HCA layer formed on the reacted BAG 
45S5 presented a peak at 959 cm-1 within the Raman spectrum assigned to P-O 
symmetric vibration of the  PO43- groups (Rehman et al., 1994; Notingher et al., 
2002). The amount of the formed HAC can be estimated by evaluating the 
intensity of this peak (Rehman et al., 1994).  
 
Treating BAG particles with an aqueous solution causes a leaching and 
exchanging of BAG ions with those in the solution and that in turn increases the 
interfacial pH followed by breaking Si-O-Si bonds and forming a Si(OH)4 layer. 
Calcium and phosphate ions are released from BAG, at this stage, to form an 
amorphous CaP layer, which is crystallised to HCA (Hench and Wilson, 1993). 
Raman phosphate peak intensity percentages were significantly higher within 
BAG and PAA-BAG groups compared to that of the negative control group 
implying that more phosphate ions were presented as a result of remineralisation 
therapy. The bioactive process of BAG and the precipitation of minerals at the 
lesion surface, observed in SEM images, can explain the higher Raman 
phosphate peak intensity monitored in the present study.  
 
5.4.5 Profilometry analysis 
Protecting part of the sound enamel using an adhesive tape is a documented in-
vitro procedure to establish a reference level when analysing the profilometry 3D 
images (Barbour and Rees, 2004; Kielbassa et al., 2005; Tostes et al., 2013). 
Profilometry is a “gold standard” method in assessing the surface loss providing 
objective quantitative information about the surface topography. BAG and PAA-
BAG were applied as slurries, without mechanical agitation, to avoid any damage 
to the lesion structure, and this was confirmed by profilometric analysis. The 
profilometry results imply that the improvement in the mechanical and chemical 
measurements of the treated lesions occurred within the structure of the lesion 
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and not as a result of damaging histologically, the lesion morphology and 
exposing the deeper intact tissue. This also indicates that the reduction in the 
lesion depth reported in the Raman dataset has occurred within the lesion and 
not as a result of abrading the outer surface layer.  
  
5.4.6 SEM  
Even though the lesion surface was rinsed prior to SEM analysis, mineral 
deposits were detected in the SEM micrographs within the BAG, PAA-BAG and 
remineralisation solution groups implying that the observed structures attached 
to lesion surface. This attachment was also observed in the cross-sectional 
images, when minerals were observed to be embedded into the outer edge of the 
treated lesion. The development of a negative surface charge at the surface of 
BAG 45S5 particles during the reactivity process forms a strong attraction with 
the tooth surface (Greenspan and Hench, 2013), which may explain the retention 
of the minerals on treated WSL surfaces in spite of the post-treatment cleaning 
regimen.   
 
Gjorgievska et al. (2013) reported that the SEM micrographs of artificial enamel 
WSLs remineralised using BAG 45S5 paste showed the bioactive glass deposits 
sealing the enamel irregularities. In another in-vitro study, applying BAG 45S5 
during enamel bleaching with 35% hydrogen peroxide formed flower-like 
crystallites on the enamel surface (Deng et al., 2013). It has been recently 
demonstrated that treating erosive-like lesions with a suspension of BAG 45S5 
and phosphoric acid formed densely packed crystalline structures on the enamel 
surface (Bakry et al., 2014b). Submitting this layer to a brushing-abrasion 
challenge (6000 cycles under a load of 250 g) mimicking the abrasion conditions 
in-vivo did not affect significantly the percentage of enamel coverage with this 
crystalline layer (Bakry et al., 2014b).       
 
In the current study, the plate-like structures observed in the SEM images of the 
BAG group are comparable to the apatite crystal shapes induced by 45S5 BAG 
(Kokubo, 1990; Li et al., 1993; Wen et al., 1999; Zhong et al., 2002). When the 
WSLs were treated with the remineralisation solution, rounded structures were 
observed in the SEM micrographs, in agreement with a previous study reporting 
the same mineral shape using this remineralisation solution (Collys et al., 1991). 
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The mineral precipitations formed within the PAA-BAG group were significantly 
smaller than those of the BAG group. When PAA was used with Portland cement 
to remineralise acid-etched dentine slabs, smaller structures were also observed 
(Tay and Pashley, 2008). Theoretically, the smaller minerals have a potential to 
penetrate the lesion surface enhancing the remineralisation along the whole 
lesion depth. As mentioned earlier, PAA may interact in the growth / nucleation 
of HA, and the formation of the small structures might be explained depending on 
non-classical crystallisation pathway concepts whereby, the Ca and P ions are 
sequestered by the –COOH of PAA to form amorphous calcium phosphate nano-
precursors transformed into small crystalline apatite minerals (Niu et al., 2014). 
The question of how PAA could modify the shape of the minerals within PAA-
BAG composition still needs to be answered. A possible answer could be related 
to the nucleation sites, mineral extending along its’ axes or forming a different 
mineral phase.   
 
Using BAG, PAA-BAG and a remineralisation solution in the present study did 
not reduce significantly the lesion depth. This result may be explained as the 
calcium and phosphate ions’ diffusion / precipitation may be restricted to the 
superficial area of the lesion inhibiting whole lesion remineralisation. This feature 
has been reported in the literature when different remineralisation agents were 
applied to treat enamel carious lesions (Beerens et al., 2010; Ferrazzano et al., 
2011; Pliska et al., 2012). To overcome this limitation, modifying / pre-
conditioning the lesion surface to improve mineral diffusion may be required or 
even desirable as a clinical intervention before remineralisation therapy 













The original null hypothesis was rejected. The results of this study lead to the 
following conclusions:  
1. Treating enamel WSLs using BAG or PAA-BAG slurry improved the 
mechanical proprieties of the lesion. 
2. These remineralisation therapies increased the phosphate content 
according to the Raman analysis. 
3. Mineral depositions at the treated lesion surface were detected in SEM 
micrographs. 
4. BAG and PAA-BAG remineralisation therapies showed similar mechanical 
and chemical outcomes. 
5. Smaller particle precipitations were detected within PAA-BAG compared 
to the BAG. 
 
The beneficial effect of using BAG and PAA-BAG powders in enamel white spot 
remineralisation paves the way for further investigation into the clinical application 
of such materials in the remineralisation of enamel under the auspices of 
minimally invasive dentistry (MID) which advocates the preservation of repairable 














Chapter 6 Remineralisation of in-vitro enamel white spot lesions 




Organisational flowchart of the experiments accomplished in this study. 
  
BAG air-abrasion in MID








































6.1 Introduction  
The optimal goal of minimal invasive dental caries management is to heal the 
incipient lesion by inhibiting the demineralisation process and enhancing the 
remineralisation repair process (Featherstone, 2000). The enamel white spot 
lesion (WSL) results from the physical changes occurring in enamel due to the 
caries process before it has reached the enamel-dentine junction (EDJ) 
(Gustafson, 1957). Different protocols have been described to remineralise 
enamel WSLs including bioactive glass (BAG) 45S5 (see Section 1.2.3.3; p: 51). 
BAG 45S5 is an inorganic amorphous, calcium, sodium phosphosilicate material 
which interacts with aqueous solutions such as saliva to form a hydroxycarbonate 
apatite (HCA) layer, attached chemically to the treated surfaces (Hench, 2013a). 
 
The remineralisation of an enamel WSL is a difficult and slow process both in vivo 
and in vitro (White et al., 1988; Larsen and Pearce, 1992). It is a complex physico-
chemical process where the remaining mineral crystals are less reactive, covered 
by salivary proteins and the limited diffusion of ions lessens the net mineral gain 
within the lesion (ten Cate, 1990). In order to promote the WSL remineralisation 
process, an additional stage of pre-conditioning the lesion surface with 
phosphoric acid prior to the remineralisation therapy has been described in the 
dental literature and shown to increase the remineralisation of WSLs (Collys et 
al., 1991; Al-Khateeb et al., 2000).  
 
However, there are some limitations with the acid-etching technique in this 
regard: (a) the demineralisation effect of phosphoric acid can further decalcify 
and deteriorate the integrity of the lesion structure (Van Dorp et al., 1990), (b) the 
potential retention of acid remnants following phosphoric acid application may 
negatively affect the lesion structure (Van Meerbeek et al., 2005), (c) the effect 
of the phosphoric acid on the WSL is not only limited to the surface layer, but 
extends to increase the subsurface porosity up to 21 µm (Hicks and Silverstone, 
1984a) and (d) the phosphoric acid can affect the sound enamel surrounding the 
WSL increasing its porosity and thus making it more susceptible to caries (Lee et 
al., 1995). These factors might explain the infrequent reporting of the use of this 
procedure to promote the WSL remineralisation in the dental literature. Therefore, 
presenting an alternative method may be preferable if this can modify the lesion 
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surface and at the same time minimise the drawbacks outlined above created by 
the acid-etching technique. 
 
In the present study, air-abrasion with PAA-BAG powder was used to pre-
condition the lesion surface as opposed to cutting it, in order to promote 
remineralisation using different topical therapies including mixtures of BAG 45S5. 
The objectives of this study were to assess the physical interaction of this surface 
pre-conditioning and to study the impact of this modification on overall lesion 
remineralisation. Acid-etching using 37% phosphoric acid was selected as a 
positive control for the surface pre-conditioning variable. The physical changes 
were assessed using non-contact white light confocal profilometry and optical 
coherence tomography (OCT). The mineral content at the lesion surface following 
the application of the remineralisation therapies was evaluated using Raman 
micro-spectroscopy used in a StreamLineTM scanning technique to map the 
lesion surface measuring the v-(CO3)2-/v1-(PO4)3- ratio of 2880 spectra per 
sample. The biomechanical properties of the WSLs were assessed using Knoop 
microhardness testing. Confocal laser scanning microscopy (CLSM), and SEM-
EDX were used to study the ultra-structural changes within remineralised artificial 
WSLs created using bi-layer demineralisation protocol. 
 
The two null hypotheses investigated in this study were: 
1. Pre-conditioning the WSL using PAA-BAG air-abrasion has no effect on 
lesion surface characteristics. 
2. Pre-conditioning the lesion surface with PAA-BAG air-abrasion has no 
effect on remineralisation therapy using BAG 45S5.  
 
6.2 Materials and methods 
6.2.1 Materials and methods: sample preparation   
Caries-free human molars were stored in refrigerated de-ionised water and used 
within a month from the extraction to obtain one buccal enamel slab from each 
tooth using a diamond wafering blade (XL 12205, Benetec Ltd., London, UK). The 
slab’s initial surface integrity was inspected using a confocal tandem scanning 
microscope (TSM) (Noran Instruments, Middleton, WI, USA), with a x20 air 
objective in reflection scanning mode. Ninety samples were included in this study. 
The samples were included face down in acrylic resin and polished to remove the 
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outermost layer of the enamel as explained in Section 5.2.1; p: 119 to create 
more consistent, reproducible artificial enamel lesions.  
 
The flat, polished enamel surface was covered with dental wax to protect part of 
the enamel leaving an exposed window of 3 x 1 mm in the central area of the 
exposed enamel slab. The specimens were submitted to a bi-layer 
demineralisation protocol to create artificial WSLs with an average depth of 70-
100 µm as illustrated in Figure 5-3; p: 121. The resultant sample consisted of an 
artificial WSL at its centre surrounded by sound enamel   Figure 5-6; p: 128), 
which was covered with polyvinyl chloride tape throughout the experiments, and 
removed at the end of the remineralisation therapies. The samples were assigned 
to 9 experimental groups according to the surface pre-conditioning and 





Figure 6-1: A schematic representing the experiential groups according to the experimental 
procedures. 
 
6.2.2 Materials and methods: surface pre-conditioning 
The surface pre-conditioning procedure was conducted once before initiating the 
remineralisation therapy. PAA-BAG abrasive powder (d10=2.12, d50= 12.05,  
d90=25.12 µm) was prepared as mentioned in Section 5.2.2; p: 121. An Aquacut™ 
(Velopex, Harlesden, UK) dental air-abrasion unit was used to pre-condition the 
lesion surface. The operating parameters of air-abrasion are addressed in 
Table 6-1. For acid-etching treatment, 35% phosphoric acid gel (3M ESPE Dental 
Products, St Paul, MN, USA) was applied onto the lesion surface for 30 sec 
followed by 1 min rinsing with de-ionized water and 5 sec drying with a gentle oil-
































samples in the surface pre-conditioned groups remained untreated (n=30; 
Figure 6-1).  
 





Parameter value  
Air pressure (psi) 20 
Powder flow rate (PFR) dial 5 (maximum) 
Nozzle angle (degrees) 90 
Nozzle-lesion distance (mm) 5 
Internal nozzle diameter (µm) 900 
Cutting mode Wet with de-ionised water 
Abrasion period (sec) 10 
 
6.2.3 Materials and methods: post-conditioning remineralisation therapy 
The remineralisation therapy included the application of a 45S5 BAG paste or a 
45S5 BAG slurry (d10=1.98, d50= 10.88,  d90=20.84 µm) twice daily (5 min per 
application) for 21 days. The remineralisation agent was applied onto the 
exposed WSL surface using a microbrush with hand-agitation by a single 
operator blinded to the surface pre-conditioning procedure. Following each 
application, the samples were rinsed thoroughly with de-ionised water and 
incubated at 370C in de-ionised water, which was refreshed at each application 
for all of the nine experimental groups. The BAG slurry was prepared using de-
ionised water (L/P ratio of 1g/ml) prior to the treatment as conducted in Chapter 
5. The BAG paste was prepared using the following formula: 36 wt.% BAG 45S5 
powder, 25.7 wt.% chalk (CaCO3) and 38.3 wt.% glycerine and stabilisers. This 
paste did not include water in its composition to prevent any premature BAG 
chemical reaction. The de-ionised water was introduced into the paste at the 
lesion surface to initiate the reaction kinetics of BAG particles. At the end of the 
remineralisation therapies, the protecting tapes were removed and the samples 
were rinsed with de-ionized water. The negative control of the remineralisation 
agent was de-ionised water, whilst the positive control was a BAG slurry (100 
wt.% BAG particles) relying upon the results of Chapter 5 whereby, this formula 
has shown to remineralise effectively enamel WSLs when compared to the 





6.2.4 Materials and methods: profilometry analysis 
The samples’ surface topography was scanned three times: before surface pre-
conditioning, after surface pre-conditioning and finally, post-remineralisation 
therapy, using non-contact optical white light confocal profilometry (Xyris™ 4000 
WL, TaiCaan™ Technologies Ltd., Southampton, UK) with a 10 µm step-over 
distance and 10 nm vertical resolution. A standard scan area of (3 mm x 2 mm) 
was chosen over the centre of the surface using proprietary measurement control 
software (STAGES™, TaiCaan Technologies Ltd., Southampton, England), 
including the lesion in the middle surrounded by sound enamel from each side 
acting as internal sample reference levels. The step height of the lesion surface 
in relation to the sound enamel level was obtained as explained in Section 5.2.6; 
p: 126.  
 
In order to obtain the average roughness (Sa) of the lesion surface, a further three 
areas of 250 µm x 250 µm were scanned individually within the lesion surface as 
shown in Figure 6-2. The scanned area was analysed using Boddies® surface 
analysis software (Boddies v2.09, TaiCaan Technologies Ltd., Southampton, 
UK), by levelling the surface into a best-fit plane. Three Sa values were calculated 




Figure 6-2: 2D view of the scanned area (2 mm x 3 mm) using non-contact profilometry showing 
the lesion in the centre surrounded by intact sound enamel form each side acting as a reference 
level for step height measurements. The three delineated areas in the lesion surface (250 µm x 
250 µm) were scanned individually to measure the average lesion surface roughness (Sa). 
 
 

























6.2.5 Materials and methods: optical coherence tomography (OCT) 
The specimens were scanned prior to surface pre-conditioning and again after 
remineralisation therapy was complete using OCT (VivoSight, Kent, UK) 
operating at a 1305 nm central wavelength, 10 kHz rate and 15 mW energy 
power. This system uses XY mirror sets with multi-beam Z technology in order to 
maintain the axial resolution over an extended range of depth (Ring et al., 2013; 
Wang et al., 2013). The lateral resolution is 7.5 µm and the axial resolution is     
10 µm in air which corresponds to 6.1 µm in enamel assuming a refractive index 
(n) of 1.63. The OCT beam was oriented perpendicularly and set at a fixed 
distance over the sample surface by means of a moving stage. For each sample, 
50 b-scan images were acquired at 5 µm intervals covering an area of (3000 µm 
x 250 µm) with a pixel size of 3.36 µm x 4.06 µm. The multi-beam scan creates 
a scan depth of approximately 2 mm.  
 
The 16-bit Tagged Image File Format (TIFF) b-scan images were imported into 
a macro custom-written for the image processing software ImageJ (ImageJ, 
Maryland, USA) which analysed individual b-scans using a polynomial fitting 
function. Both the air/lesion interface reflection and the average subsurface 
scattering, up to 40 µm in depth, were recorded for each X and Y sample position 
(Figure 6-3).  
 
 
Figure 6-3: Representative OCT-image of WSL and the depth OCT-signal intensity showing the 
































The results of the OCT analysis were exported as 32-bit TIFF grey-scale images. 
The 32 bits value of each pixel corresponded to the intensity of the OCT signal at 
this position. The grey-scale images were opened using ImageJ and the average 
intensity of OCT signal in the WSL was measured from the corresponding image. 
The subsurface light scattering was normalised to the surface reflection within 
each sample to be analysed statistically, measuring the reduction percentage in 
the subsurface light scattering at the end of the remineralisation therapies in 
comparison with baseline scans. 
 
6.2.6 Materials and methods: Raman micro-spectroscopy 
The lesion surfaces were scanned using a Renishaw inVia Raman microscope 
(Renishaw Plc, Wotton-under-Edge, UK), running in StreamLineTM scanning 
mode with the same scanning parameters addressed in Section 5.2.5; p: 124. 
Using the charge-coupled device (CCD) supplied with system, a stitched 
montage image was created at the middle part of the lesion surface for each 
sample composing of 2 x 2 images in the vertical and horizontal directions. For 
each sample, a Raman map was set at the centre of the lesion surface covering 
an area of 700 x 500 µm2 and including 2880 spectra acquired with 2.7 µm 
resolution across the lesion. The demineralised enamel produced a slight 
background autofluorescence (AF) and therefore, the resultant spectra were 
exported into in-house curve-fitting software to fit the spectra using a Gaussian 
function and a first order polynomial.  
 
The intensity of the phosphate peak at 959 cm-1 and that of the carbonate peak 
at 1085 cm-1 were measured by the means of in-house Raman analysis software. 
The results of the peak intensity measurements were exported as 32-bit TIFF 
grey-scale images. The 32 bits value of each pixel corresponded to the intensity 
of the peak at this position. For each sample, the grey-scale images of phosphate 
v1-(PO4)3- and carbonate peaks v-(CO3)2 were opened together using image 
processing software ImageJ (ImageJ, Maryland, USA) and a new grey-scale 
image representing the v-(CO3)2-/v1-(PO4)3- was generated using “image 





6.2.7 Materials and methods: Knoop microhardness  
A Struers Duramin microhardness tester (Struers Ltd., Denmark) with a Knoop 
diamond indenter (50 g load applied for 10 sec) produced elongated diamond-
shaped indentations which were imaged with a x40 air objective and the Knoop 
values were calculated from measurements of each long-axis indentation, using 
the manufacturer’s software supplied. Three measurements, 500 µm apart, were 
recorded and then averaged to measure the lesion surface microhardness of 
each sample at the end of remineralisation therapies. The instrument was 
calibrated prior to each measurement session as mentioned in Section 5.2.4; p: 
124. Three measurements, 500 µm apart, were recorded and then averaged to 
measure the lesion surface microhardness of each sample.  
 
6.2.8 Materials and methods: microscopy imaging 
Imaging was conducted for three selected experimental groups including, air-
abrasion + BAG paste, air-abrasion + BAG slurry and unconditioned + de-ionised 
water (negative control). For CLSM imaging, three samples from each 
experimental group were sectioned vertically across the lesion and ground with 
carborundum paper up to 1200-grit. The samples were soaked in a freshly 
prepared 0.1 mM Rhodamine-B solution (R6626-Sigma-Aldrich, Dorset, UK) for 
24 hours, without further rinsing (Fontana et al., 1996). A confocal laser scanning 
microscope (CLSM) (Leica Microsystems, Heidelberg GmbH, Germany) was 
used to image the samples with a x63 oil objective lens in conjunction with a 568 
nm excitation wavelength and 640 nm emission filter for the Rhodamine-B (Atmeh 
et al., 2012). Samples were scanned between 10 and 50 µm below the sectioned 
surface to avoid the smear layer, created during the cutting procedures (Fontana 
et al., 1996).     
  
For SEM scanning, three samples from each group were fractured across the 
WSL to provide a sagittal view without surface grinding or polishing artefact, 
secured to aluminium stubs and sputter coated with gold (Emitech K550, UK). 
The fractured surfaces were imaged using an FEI Quanta 200F field emission 
scanning electron microscope (FEI Co. Ltd., Cambridge, UK), with an 
accelerating voltage of 10 kV and a working distance of 10 mm. For EDX analysis 
of the lesion top surface, a further three samples from each group were carbon 
sputter-coated and scanned using energy dispersive X-ray diffraction (EDAX Inc., 
159 
91 McKee Drive, Mahwah, NJ 07430 USA) to map the emission lines of silicon, 
sodium, calcium and phosphorus (accelerating voltage of 10 kV, working distance 
of 12 mm). 
 
6.2.9 Materials and methods: statistical analysis   
Statistical analysis was carried out using Stata statistical software (Stata-CorpLP 
v 11.2, Texas, USA) at p=0.05 significance. Data were tested for normality, and 
the non-normal data were transformed into the normal using an appropriate 
transformation prior to further analysis. The profilometry data were tested using 
two-way analysis of variance (ANOVA) and Tukey’s HSD as post-hoc including 
significant interactions, whilst those of Raman micro-spectroscopy, 
microhardness and OCT were analysed using linear modelling by including the 
interaction term for pre-conditioning and remineralisation therapy.  
 
6.3 Results 
6.3.1 Results: profilometry analysis 
The means and standard errors of the step height measurements at three 
measurement points are shown in Figure 6-4, Figure 6-5 and Figure 6-7. The 
average surface roughness (Sa) is presented in Table 6-2. The baseline 
measurement showed no statistically significant differences in step height and 
roughness measurements between the nine experimental groups prior to 




Figure 6-4:  Mean±SE (µm) of step height measurements before surface pre-conditioning. There 
were no statistically significant differences between the experimental groups. 
 
Pre-conditioning the lesion surface using air-abrasion and acid-etching 
significantly increased the surface roughness and the step height values 
compared to unconditioned control groups (p<0.05), but this difference was 
deemed not to be clinically significant. PAA-BAG air-abrasion removed 
significantly more substrate (5.1±0.6 µm, mean±SE) from the lesion surface 
compared to that removed by acid-etching (2.2±0.1 µm) (p<0.05) (Figure 6-5). 
The 3D views of the lesion surfaces (250 µm x 250 µm) exhibited an increase in 
roughness after pre-conditioning the lesion surface using PAA-BAG air-abrasion 
(Figure 6-6-A) or acid-etching (Figure 6-6-B). The pre-conditioned surfaces 
presented more sites for mineral deposition during the subsequent 




Figure 6-5: Mean±SE (µm) of step height measurements after surface pre-conditioning. There 
were statistically significant differences between the air-abrasion/acid etching vs. unconditioned 
groups and between air-abrasion vs. acid etching groups. 
 
Table 6-2: The experimental groups according to the procedures (n=10), showing the means and 


























1 PAA- BAG 
air-abrasion 
BAG paste 
(36 wt.% BAG)  
0.18±0.02 0.71±0.15 0.80±0.13 
2 PAA- BAG 
air-abrasion 
BAG slurry 
(100 wt.% BAG) 
0.17±0.01 0.57±0.15 0.60±0.06 
3 PAA- BAG 
air-abrasion 
De-ionised water 
(-ve  control) 
0.16±0.01 0.49±0.09 0.59±0.08 
4 Acid-etching 
(+ve  control) 
BAG paste 
(36 wt.% BAG) 
0.19±0.01 0.90±0.07 1.14±0.10 
5 Acid-etching 
(+ve  control) 
BAG slurry 
(100 wt.% BAG) 
0.21±0.02 0.70±0.04 0.82±0.05 
6 Acid-etching 
(+ve  control) 
De-ionised water 
(-ve  control) 
0.20±0.01 0.80±0.07 0.82±0.05 
7 Unconditioned 
(-ve  control)  
BAG paste 
(36 wt.% BAG) 
0.19±0.02 0.20±0.01 0.24±0.02 
8 Unconditioned 
(-ve  control)   
BAG slurry 
(100 wt.% BAG) 
0.29±0.07 0.25±0.04 0.31±0.06 
9 Unconditioned 
(-ve control)   
De-ionised water 
(-ve  control)   
0.16±0.15 0.20±0.02 0.25±0.03 
* Applied once at the beginning of the experiment. 
** Applied twice daily (5 min per application) for 21 days. 
The underlined cells present the significant differences within the same experimental group 






Figure 6-6: Representative 3D views of lesion surfaces (250 µm x 250 µm) before and after 
surface pre-conditioning using PAA-BAG air-abrasion (A) and acid-etching (B). The pre-
conditioned surfaces exhibited an increased surface roughness when compared to the baseline 
scans. 
 
The surface roughness measurements after remineralisation therapy were similar 
to those after surface pre-conditioning. However, there was a significant increase 
in the step height measurements within the acid-etch groups at this stage 
(p<0.05). The acid-etching groups in Figure 6-7 show that samples treated with 
BAG paste and slurry exhibited significantly higher step height values (5.4±0.4 
µm and 5.8±0.3 µm respectively) (p<0.05) compared to those treated with de-
ionised water (2.3±0.1 µm), the negative control of remineralisation therapy in 
acid-etching groups. Representative profiles showing the step height differences 
within the same samples according to the surface pre-conditioning procedures at 





Figure 6-7: Mean±SE (µm) of step height measurements after remineralisation therapy. There 
























Figure 6-8: Representative profiles showing the step height differences within same samples according to the surface pre-conditioning procedures at three 
measurement points.












































































































































































6.3.2 Results: optical coherence tomography (OCT) 
Figure 6-9 represents the means and the standard errors of the reduction (%) in 
the subsurface light scattering in relation to the baseline scans. Pre-conditioning 
the lesion surface using PAA-BAG air-abrasion and acid-etching reduced 
significantly the subsurface light scattering of remineralised lesions when 
compared to unconditioned groups (p<0.05). BAG paste remineralisation therapy 
reduced significantly the light scattering compared to BAG slurry and de-ionised 
water (p<0.05). The use of BAG slurry exhibited similar subsurface light 
scattering to that of de-ionised water, regardless of the surface pre-conditioning 
procedure (p>0.05). Representative OCT images with their signal intensity 
profiles from the unconditioned + de-ionised water (negative control) and the air-
abrasion + BAG paste groups are addressed in Figure 6-10. There was a 
reduction in the OCT signal intensity within the depth profiles following the 




Figure 6-9: Mean±SE of the reduction (%) in the subsurface light scattering comparing to baseline 
scans. Air-abrasion and acid-etching significantly reduced the subsurface light scattering 
compared to unconditioned groups. The negative readings present an increase in the subsurface 









Figure 6-10: Representative OCT images of the negative control (unconditioned + de-ionised water) and the treated (air-abrasion + BAG paste) groups, before and 
after 21 days treatment. The depth profiles related to the OCT signal intensity within the WSL (dashed white rectangle). There was a reduction in the intensity at the 
subsurface level (the black star) in the treated sample when compared to the baseline intensity profile of the same sample. The TIFF analysis images (the grey-scale 
images) represent the reduction in the OCT signal intensity at the subsurface level measured to the surface reflection of the same sample. Note the difference in the 
TIFF analysis image of a treated sample after 21 day remineralisation therapy (the white star). 
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6.3.3 Results: Raman micro-spectroscopy 
Figure 6-11 shows representative Raman spectra of scanned lesion surfaces in 
treated (air-abrasion + BAG slurry) and untreated (unconditioned + de-ionised 
water) groups. The highest peak along both spectra was that of v1-PO43- at 959 
cm-1, relating to the enamel HA. A new peak appeared within the spectra following 
the remineralisation therapies using BAG 45S5 at 1085 cm-1 assigned to (CO3)2- 
of HCA that forms on reacted BAG 45S5 (Rehman et al., 1994).  
 
 
Figure 6-11: Representative Raman spectra of WSL surface in untreated (unconditioned + de-
ionised water) and treated (air-abrasion + BAG slurry) samples. The arrows indicate the peaks 
measured in the analysis. 
 
Pre-conditioning the lesion surface with acid-etching reduced significantly the 
intensity of the phosphate peak (v1-PO43-) at the lesion surface compared to air-
abrasion and unconditioned groups (p<0.05) (Figure 6-12). The remineralisation 
therapy using BAG slurry increased significantly the phosphate peak intensity 
when compared to de-ionised water groups (p<0.05).  
 


















Figure 6-12: Mean±SE of v1-(PO4)3- intensity at the lesion surfaces. Pre-conditioning the WSLs 
using acid-etching reduced significantly the phosphate peak intensity compared to the remaining 
groups.  
 
The means and the standard errors, of the v-(CO3)2-/v1-(PO4)3- ratio are 
presented in Figure 6-13. The measured ratio in BAG paste and BAG slurry was 
significantly higher than that of de-ionised water (negative control) (p<0.05) in air-
abrasion, acid-etching and unconditioned groups. The remineralisation therapy 
using BAG slurry increased significantly the measured ratio at the lesion surface 
compared to that observed using BAG paste when the surface was pre-
conditioned using PAA-BAG air-abrasion (p<0.05), whilst there were no 
statistically significant differences between BAG slurry and BAG paste therapies 
when the lesions were unconditioned or pre-conditioned using acid-etch (p>0.05). 
 
Using PAA-BAG air-abrasion to pre-condition the lesion surface increased 
significantly the v-(CO3)2-/v1-(PO4)3- ratio compared to the unconditioned groups 
when the lesions were remineralised using BAG paste or slurry (p<0.05). Pre-
conditioning the lesion surface using PAA-BAG air-abrasion or acid-etching 
reduced significantly the measured ratio compared to the unconditioned samples 
when the lesions were only immersed in the de-ionised water, the negative 




Figure 6-13: Mean±SE of v-(CO3)2-/v1-(PO4)3- ratio. The use of PAA-BAG air-abrasion increased 
significantly the ratio value in the remineralised groups. BAG slurry increased the peak ratio when 
compared to BAG paste and de-ionised water. 
 
6.3.4 Results: Knoop microhardness  
The means and standard errors of lesion microhardness measurements are 
shown in Figure 6-14. The microhardness data were not normally distributed and 
hence, the analysis was carried out on the transformed data. According to the 
effect of pre-conditioning on the microhardness, both PAA-BAG air-abrasion and 
acid-etching increased the microhardness values significantly, compared to 
unconditioned control groups (p<0.05). No statistically significant differences 
were observed between the microhardness of air-abrasion and acid etching 
groups. As regards the remineralisation effect, both BAG paste and BAG slurry 
exhibited significantly higher (p<0.05) microhardness values compared to the de-
ionised water groups (negative control) regardless of the surface pre-conditioned 
state. Within pre-conditioned groups, WSLs treated with the BAG slurry showed 
statistically significant higher microhardness compared to those treated with BAG 




Figure 6-14: Mean±SE of lesion Knoop microhardness. There was a significant increase in the 
Knoop microhardness in air-abrasion and acid-etching groups compared to the unconditioned 
group. The remineralisation therapies using BAG 45S5 showed improved lesion microhardness 
values. 
 
6.3.5 Results: microscopy imaging 
Representative CLSM fluorescence images are shown in Figure 6-15 presenting 
the lesion depth (approximately 80-100 µm), the enamel prism outlines and the 
Rhodamine-B distribution. More Rhodamine-B permeation was observed within 
the non-treated group implying that the Rhodamine-B penetrated and was 
retained more within the depth of lesion. In contrast, in the CLSM-micrographs of 
the treated samples, less dye distribution was observed as a band-like area at 
the outer third of the cross-sections. No differences were observed between the 








  Figure 6-15: Representative CLSM images show the Rhodamine-B distribution in the cross-
sectional views of the untreated WSL (A) and remineralised WSL using air-abrasion and BAG 
slurry (B). The enamel prism outlines can be observed along the lesion depth. A band-like area 
(arrow) with less Rhodamine-B permeating is observed at the outer-third of the cross-section in 
the treated WSL. 
 
Representative SEM micrographs of the experimental groups are presented in 
Figure 6-16. The cross-sectional views of fractured non-treated lesions showed 
the partially demineralised enamel prisms, with no external mineral precipitation 
evident. In contrast, plate-like structures were observed at the lesion edge and 
could be differentiated from the original lesion structure (enamel prisms) in the 
treated groups. The external mineral precipitation was more pronounced in the 
BAG slurry than in the BAG paste. The lesion top surface in the non-treated group 
exhibited porosities resulting from the demineralisation process. This porosity 
was covered completely by a “newly” formed layer of mineral within the treated 
groups (Figure 6-16).  
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Figure 6-16: Representative SEM images of the fractured cross-sections and the lesion surface. 
The lesion shows the partially demineralised enamel prisms (*). The fractured cross-sections of 
treated samples present mineral precipitations with plate-like structures (arrow), considerably 
more pronounced in BAG slurry. The SEM micrographs of the top surface in non-treated sample 
exhibits a surface porosity resulting from the demineralisation process. The lesion surfaces in the 


















































The elemental analysis of the lesion surface using EDX mapping presented an 
additional peak of Si (1.73 keV) relating to the reacted BAG particles in the 
remineralised lesions (Figure 6-17).  
 
 
Figure 6-17: The average EDX spectra of scanned lesion surface in an untreated sample (A), 
remineralised WSL using air-abrasion + BAG paste (B) and remineralised WSL using air-abrasion 
+ BAG slurry (C). Treated samples show an additional peak at (1.73 keV) related to Si of reacted 





6.4 Discussion  
6.4.1 Profilometry analysis 
The use of non-contact white light profilometry in the present study permitted non-
destructive assessment of the topographic changes at the lesion surface at three 
different experimental times. Its use introduced objectively quantitative 
information about the lesion surface loss and roughness. The accuracy of the 
profilometry used in this study for measuring step height enamel loss has been 
reported to be 0.042 µm (Paepegaey et al., 2013). The average surface 
roughness is one of the most common parameters used to report roughness in 
dentistry, representing the finest measurable detail of the surface geometry (Field 
et al., 2010). This parameter measures the profile deviations from the mean line 
across a profile (Eliades et al., 2004; Karan et al., 2010; Loomans et al., 2011). 
Pre-conditioning a WSL using PAA-BAG air-abrasion and acid-etching increased 
the average surface roughness and consequently the surface area providing 
more sites for mineral deposition (see Figure 6-6; p: 162). The rough WSL surface 
might offer more sites for remineralisation and show increased remineralisation 
(Peariasamy et al., 2001).    
 
Using PAA-BAG air-abrasion prior to remineralisation therapy removed 
approximately 5 µm from the lesion surface which is insignificant clinically. PAA-
BAG air-abrasion modified physically the lesion surface employing the kinetic 
cutting mechanism of the abrasive particles, whereby a thin superficial layer is 
irregularly chipped away from the lesion surface increasing the surface 
roughness and exposing the WSL subsurface structure. Indeed, two aspects 
should be considered when pre-conditioning a WSL using air-abrasion: the 
abrasive powder and the system’s operating parameters. Here, the operating 
parameters used to pre-condition enamel WSLs promoted the ultraconservative 
application of this technology (see Chapter 3; p: 88), while PAA-BAG has been 
selected due to its reduced cutting efficiency when compared to BAG abrasive 
powder (30-60-90 µm). Assessing the cutting efficiency of PAA-BAG air-abrasion 
as described in Chapter 3 with the following cutting parameters: air pressure 60 
psi, PFR: 3, nozzle angle: 90 degrees, nozzle-substrate distance: 2 mm and 
linear movement velocity: 0.5 mm/sec (n=10) revealed that using PAA-BAG air-
abrasion removed only 0.05±0.01 mean±SE mm3 from the substrate compared 
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to 0.97±0.01 mm3 and 1.39±0.1 mm3 removed using BAG (30-60-90 µm) and 
alumina abrasive powders respectively.  
 
The profilometry data revealed that the remineralisation therapy using BAG paste 
or BAG slurry increased the step height values in the acid-etch groups. It has 
been shown that treating WSL with 30% phosphoric acid for 30 seconds removed 
3-6 µm from the lesion surface and increased the subsurface porosity up to           
21 µm, detected using polarised light microscopy when the etched surface zone 
exhibited higher birefringence (Hicks and Silverstone, 1984a; Lee et al., 1995). 
Van Drop et al. (1990) reported that when the enamel WSLs were etched with 
36% phosphoric acid, the surface layer of the lesion was decalcified. The Raman 
analysis in this study revealed that pre-conditioning WSLs using acid-etching 
reduced significantly the phosphate content of enamel HA at the lesion surface. 
The subsurface micro-porosities and the demineralisation effect of phosphoric 
acid itself, may explain the slight reduction (approximately 3 µm) in the lesion 
surface comparing to the reference level following the physical remineralisation 
therapy within acid-etching groups (Figure 6-7; p: 163). 
 
When acid-etching was conducted previously in studies to pre-condition enamel 
WSLs, the following remineralisation therapy included the use of remineralisation 
agents in solution (Flaitz and Hicks, 1993; Al-Khateeb et al., 2000). The 
remineralisation therapies in the present study involved a physical interaction 
between the slurries and etched WSL surface. Using non-contact profilometery 
with high vertical resolution (10 nm) permitted the detection statistically of the 
slight modification at the acid-etched lesion compared to those soaked in the de-
ionised water implying that the delivery mode of a remineralisation agent can 
affect the outermost layer of WSLs and consequently the following 
remineralisation outcomes.  
 
6.4.2 Optical coherence tomography (OCT) 
Optical coherence tomography has been used in de- and remineralisation 
assessment in-vivo and in-vitro as it images non-destructively the interior 
structure of WSLs by differentiating between scattered and reflected photons 
using a near-infrared light source at a micron resolution (see Section 1.3.3.6; p: 
68). In OCT, the measurement of subsurface light scattering represents the 
176 
porosity within the lesion body. This depends upon light scattering whereby the 
scattering increases in porous demineralised enamel (Kang et al., 2012).  
  
The remineralisation therapy using BAG paste reduced significantly the 
subsurface light scattering implying that more penetration of the remineralisation 
agent occurred filling more subsurface micro-porosities. Pre-conditioning the 
lesion surface using PAA-BAG air-abrasion or acid-etching promoted this 
penetration. Jones and Freid (2006) reported that the remineralisation of artificial 
enamel WSLs reduced the optical scattering of the lesion when compared to the 
baseline scans. It is important to note that different factors can affect the light 
scattering in the remineralised WSLs such as the pores size / number, the mineral 
content and the natural of the enamel repair (Jones et al., 2006; Hariri et al., 2012; 
Kang et al., 2012).      
 
The main differences between BAG paste and BAG slurry, which may have had 
an effect on remineralisation outcomes, were the concentration of BAG particles 
(36 wt.% in paste and 100 wt.% in slurry) and the additional chemical 
compositions of the paste. Raman micro-spectroscopy and microhardness 
detected a higher remineralisation rate within WSLs treated with the slurry as 
discussed later. On the other hand, the OCT subsurface data showed more 
reduction in subsurface light scattering within the BAG paste. The presence of 
glycerine in the paste might increase the penetration of the paste components 
into lesion depth to fill more pores. 
 
6.4.3 Raman micro-spectroscopy 
Quantitative information about the mineral concentration within a substrate can 
be obtained using Raman micro-spectroscopy, dependent upon the peak 
intensity being proportional to the number of molecules within the volume of the 
scanned area (Penel et al., 1998; Tramini et al., 2000). The use of the 
StreamLineTM scanning technique in this study permitted the analysis of 2280 
spectra in each sample so introducing a more representative dataset of the lesion 
surface. The differences between the StreamLineTM and the conventional point-
by-point serial scanning techniques have been discussed in Chapter 5. 
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The phosphate peak at 959 cm-1 represented the mineral content in enamel, and 
its intensity relates to the amount of mineral within the scanned area (Santini et 
al., 2008; Mohanty et al., 2012). The results in the present study suggested that 
the phosphate peak intensity was higher within BAG slurry samples compared to 
the remaining groups, in agreement with the results of the previous Chapter. This 
has been reported previously using other biological tissues such as cartilage, 
whereby, the phosphate peak at 959 cm-1 appeared at the early stage of its 
mineralisation process (Sauer et al., 1994). 
 
The C-O Raman peak of the hydroxycarbonate apatite (HCA) layer formed on the 
reacted BAG particles at 1085 cm-1 was clearly detectable during HCA formation 
(Rehman et al., 1994). In the current study, the v-(CO3)2-/v1-(PO4)3- ratio was 
analysed statistically to assess the mineral content at the lesion surface. The 
results showed that air-abrasion pre-conditioning increased significantly the peak 
ratio compared to acid etching as well as the unconditioned groups. This might 
result from the increased lesion surface area and roughness in pre-conditioned 
samples which enhanced the HCA deposition within the superficial layer of lesion.  
 
In the current study, the Raman dataset revealed that conditioning WSLs using 
phosphoric acid prior to remineralisation therapy exhibited similar mineral content 
measurements to those of the unconditioned groups. However, this pre-treatment 
has been described previously to promote the mineral gain of the treated lesions 
(DePaola et al., 1971; Al-Khateeb et al., 2000). Flaitz and Hicks (1993) reported 
that when the WSLs were acid-etched using 30% phosphoric acid for 30 sec 
before exposure to remineralisation solution, the body of the pre-conditioned 
lesion was approximately 25% less than that of the unconditioned lesion, 
measured using polarised light microscopy. Assessing the remineralisation of 
enamel WSLs pre-conditioned with phosphoric acid revealed that the recovery of 
the mineral had occurred within the lesion body, but not at the etched surface 
level according to the mineral profile data of contact microradiographs (CMR) 
(Hidaka et al., 2011). This might explain the reduced mineral content observed 
within the acid-etching groups using Raman micro-spectroscopy in our study 
since this analytical method is considered entirely a surface assessment method. 
In contrast, microhardness measurement showed that the etched WSLs exhibited 
an improved remineralisation rate compared to the equivalent unconditioned 
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groups. This can be considered to be a subsurface assessment method since the 
Knoop indenter penetrates the lesion depth by approximately 1.5 µm in depth 
(Schlueter et al., 2011), and the indentation is not only affected by the immediate 
contact areas, but also by areas at a distance of approximately 10 times the 
dimensions of the indenter (de Jong et al., 1987; Barbour and Rees, 2004).   
 
6.4.4 Knoop microhardness  
Previous studies reported an increase in enamel microhardness following the 
remineralisation therapy using BAG 45S5 (Burwell et al., 2009b; Dong et al., 
2011; Guo et al., 2014). The increase in the Knoop microhardness reflects a net 
mineral gain and an improved crystalline structure (Featherstone et al., 1983; 
Kielbassa et al., 1999). Pre-conditioning the lesion surface with PAA-BAG air-
abrasion and acid-etching promoted the subsequent remineralisation therapy 
with BAG slurry according to the microhardness testing. This might be explained 
since pre-conditioning WSLs increased the lesion surface roughness and thus 
the sites for the mineral depositions. It has been established that the hardness of 
enamel is a function of the degree of mineralisation and its increase reflects 
remineralisation (Head, 1912; Feagin et al., 1969; Gomez et al., 2014). The BAG 
slurry contained more BAG particles compared to the BAG paste, which can 
explain the improved microhardness detected for lesions treated with BAG slurry.  
 
6.4.5 Microscopy imaging 
The use of CLSM imaging in the present study was based on the fact that 
imbibition of a fluorescent dye into the WSL porosities decreased following 
remineralisation treatment (Fontana et al., 1996). It has been shown that 
Rhodamine-B fluorescent dye penetrates enamel micro-porosities created 
through the demineralisation process and that less of this dye penetrates the 
lesion following the remineralisation therapy (González-Cabezas et al., 1998; 
Zhao et al., 2014). This was observed within the treated samples in the current 
study where a band-like area, with a reduced Rhodamine-B permeation, was 
observed at the outer edge of the cross-sectional views. In the present study, the 
OCT and the CLSM depended on measuring the porosity of the WSLs, and both 
showed a reduction in lesion porosity following the remineralisation therapies.  
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However, the CLSM micrographs showed that the deeper part of the cross-
sections exhibited a Rhodamine-B distribution similar to that observed in the 
untreated sample implying that the remineralisation therapy was not involved in 
that part of the lesion, and the complete repair had not occurred implying that 
more studies are still required to further enhance the penetration of BAG through 
the whole lesion depth. These investigations could involve the combination of (a) 
BAG 45S5 nanotechnology, (b) pre-conditioning the lesion surface using PAA-
BAG air-abrasion, and (c) biomimetic remineralisation strategies to regulate and 
control the apatite crystal growth. 
    
A layer of newly precipitated mineral was detected covering the lesion surface in 
the BAG paste and slurry groups. The chemical analysis of this layer using EDX 
analysis showed an additional silicon peak indicating that this layer consisted of 
HCA structures of reacted BAG 45S5. Comparing the EDX spectrum of this layer 
(Figure 6-17; p: 173) to that of BAG particles as received, before any use 
(Figure 2-3-A; p: 80) showed differences in the intensity of Ca, P and Si peaks 
between the two spectra implying that the layer formed following the 
remineralisation therapies in the present study was HCA of reacted BAG particles 
and was not a deposition of non-reacted BAG particles. This also was supported 
by the results of the Raman analysis which showed an increase in the phosphate 
peak v1-(PO4)3- intensity and the appearance of a new carbonate peak v-(CO3)2- 
peak. 
 
The SEM micrographs of fractured cross-sections permitted the direct 
observation of interior lesion structures and showed plate-like structures 
penetrating the lesion surface into the lesion body. The plate-like structures have 
been reported to characterise the HCA of reacted BAG 45S5, examined using 
SEM (Kokubo, 1990; Zhong et al., 2002). The SEM observations in this study 
revealed that the newly formed minerals were attached to the lesion structure 
since those minerals were not removed during the post-remineralisation rinsing 
protocol, nor were affected by fracturing or gold-coating preparation procedures 
for SEM analysis. Moreover, no charging was observed in the SEM micrographs 
of remineralised lesions implying that no loose segments were evident in the 
lesion structure in agreement with a previous study (Gjorgievska et al., 2013).           
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The use of BAG in WSL remineralisation provides an external ion source with the 
intention of promoting and accelerating enamel remineralisation in vivo. The 
remineralisation rate of WSLs reported in the current study is expected to be 
improved within the biological oral cavity due to the presence of salivary calcium 
/ phosphate ions, and this hypothesis requires further in-situ study. An additional 
beneficial effect of using BAG 45S5 in WSL remineralisation is that BAG particles 
exhibit an antibacterial effect against certain oral bacteria, including those 
associated with caries and periodontal disease such as Streptococcus sanguis, 
Streptococcus mutans and Actinomyces viscosus (Allan et al., 2001; Hu et al., 
2009).  
 
Pre-conditioning WSLs using PAA-BAG air-abrasion or acid-etching exhibited 
similar microhardness and OCT outcomes. These analytical methods presented 
the subsurface changes of the remineralised WSLs. The chemical mapping of 
lesion surfaces using Raman micro-spectroscopy reported significantly better 
surface remineralisation within the air-abrasion groups presenting an advantage 
for air-abrasion over acid-etching in term of enhancing WSL remineralisation. 
Therefore, the use of PAA-BAG air-abrasion promoted the remineralisation in 
both the surface and subsurface WSL areas by modifying the lesion surface 
without any further demineralisation effect that was detected in acid-etched 
groups using non-contact profilometry and Raman micro-spectroscopy.  
 
Regarding the remineralisation therapy, the use of BAG slurry resulted in 
significantly higher remineralisation outcomes when compared to BAG paste 
according to the microhardness, Raman micro-spectroscopy and SEM 
measurements. In fact, the BAG slurry contained more BAG particles (100 wt.%) 
compared to the BAG paste (36 wt.%) and therefore, it was expected to obtain 
better remineralisation results using the BAG slurry. However, the OCT data 
showed that the use of BAG paste reduced significantly the subsurface light 
scattering of demineralised enamel when compared to BAG slurry. As mentioned 
above the OCT analysis could be related to different factors such as the pores 
size / number, the mineral content and nature of the mineral formed. According 
to the results of the other analytical methods used in this study, it might appear 
that the OCT analysis highlighted the pores size / number within treated lesions. 
BAG paste contained other components such as glycerine which might have 
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improved the penetration of the paste components into the lesion, so reducing 
the pore size / number and thus the subsurface light scattering.                 
  
The clinical translation of biomimetic remineralisation strategies is still required 
since most in-vitro studies include the immersion of specimens in remineralisation 
solutions containing biomimetic analogues, which is inapplicable clinically (Niu et 
al., 2014). Using air-abrasion technology to seed the early carious lesion surface 
with bioactive particles prior to remineralisation therapy could be an appropriate 
clinical delivery system to apply biomimetic remineralisation strategies in vivo. 
Previous studies reported that BAG particles were retained on the treated surface 
after BAG air-abrasion in spite of the post-preparation cleaning regimen (Koller 
et al., 2007; Paolinelis et al., 2008). The methodology of this study was designed 
to develop the remineralisation protocol applicable clinically by pre-conditioning 
the lesion surface once, followed by the remineralisation therapy applied in a 
manner similar to current routine dental care. This approach removed an ultra-
thin layer from the lesion surface, which is not clinically significant. Since the 
enamel surface is polluted / covered by saliva proteins and impurities in-vivo, the 
physical modification of a WSL surface can expose more reactive subsurface 
structures which in turn, may improve the seamless adhesion of a repairable layer 
with the lesion structure when followed directly by apatite formation (Robinson et 
al., 1990; Onuma et al., 2005). The adherent repairable surface layer detected in 
this study (Figure 6-16; p: 172) may act as a mineral reservoir for prolonged 
remineralisation of the lesion. Using PAA-BAG air-abrasion for this purpose also 
increased the lesion surface area and may seed the lesion surface with bioactive 










6.5 Conclusions        
The two null hypotheses investigated in this study were rejected. The results of 
this study leads to the following conclusions:  
1. Pre-conditioning the WSL surface using PAA-BAG air-abrasion removed 
an ultra-thin, clinically insignificant layer from the lesion surface. 
2.  This pre-conditioning increased the average surface roughness of the 
lesion.  
3. These physical modifications enhanced the subsequent remineralisation 
therapies using bioactive glass 45S5 assessed by (a) the increased 
mineral content, (b) improved mechanical properties and (c) the ultra-
structural changes and therefore, may be recommended clinically to 
promote the mineral uptake during the remineralisation therapy.  
4. Pre-conditioning the WSL using PAA-BAG air-abrasion promoted the 
remineralisation at the surface and subsurface WSL areas, whilst the use 
of acid-etching only enhanced the remineralisation at the subsurface 
level.  
5. The use of BAG 45S5 slurry as a remineralisation agent exhibited a 
superior remineralisation benefit when compared to BAG paste, and 
















Chapter 7 General discussion, conclusions and suggestions for 
future work  
The overall aim of the studies in this thesis was to develop the use of BAG air-
abrasion as an operative technique in minimally invasive dentistry (MID) for the 
controlled and the selective removal of substrates and for enhancing the 
remineralisation of enamel white spot lesion (WSL) using BAG 45S5 technology. 
The overall structure of this study in terms of the relation to the MID concepts is 
presented in Figure 7-1. The aims and outcome summaries of the experiments 
conducted in this thesis are presented in Table 7-1.  
 
Figure 7-1: Organisational flowchart of the overall structure of this thesis in relation to minimally 
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To calibrate the air-abrasion system including 
characterisation of the abrasive powders and the 
validation of the unit’s operating parameters.    
 
1. Vibration admix units exhibited a constant powder flow rate 
regardless of air pressure. 
2. It is advisable to check the BAG powder condition within 
the powder chamber before the abrasion procedures to 
obtain a consistent powder flow rate during operation.  
3. Using air-abrasion should be preceded by system 
calibration to identify the factors affecting the abrasive 







To evaluate the effect of six operating parameters: 
air pressure, powder flow rate (PFR), nozzle-
substrate distance, nozzle angle, shrouding the air 
stream with a curtain of water and the abrasive 
powder itself, on the cutting efficiency / pattern of 
air-abrasion. 
1. All operating parameters involved in this study, except 
shrouding the powder stream with a curtain of water 
affected significantly the cutting efficiency of air-abrasion as 
well as its cutting pattern.  
2. Alumina and BAG abrasive powders revealed statistically 
different cutting efficiencies.  
3. Air-abrasion cutting efficiency is more conservative and 
controllable when BAG powder is used as an abrasive 







To assess the effect of three clinically adjustable 
air-abrasion operating parameters on the selective 
removal of resin composite, and to determine the 
required clinical time taken to carry out the 
procedures. 
1. BAG powder is more efficient than alumina in the selective 
removal of resin composite. 
2.  The interaction effect between air pressure and PFR on 
resin composite removal was significant. 
3. Using a moderate air pressure value with reduced PFR 
enhanced the selective removal of resin composite.  
4. The time required for resin composite removal was deemed 



























































To evaluate the effect of BAG 45S5 and PAA-BAG 
powders on artificial enamel WSL remineralisation 
through chemical, mechanical and ultra-structural 
assessments. 
1. Treating enamel WSLs using BAG or PAA-BAG slurry 
improved the mechanical proprieties of the lesion. 
2. These remineralisation therapies increased the phosphate 
content according to the Raman analysis. 
3. Mineral depositions at the treated lesion surface were 
detected in SEM micrographs. 
4. BAG and PAA-BAG remineralisation therapies showed 
similar mechanical and chemical improvements. 
5. Smaller particle precipitations were detected within PAA-













To assess the physical modification of WSL pre-
conditioning using PAA-BAG air-abrasion and to 
study the impact of this modification on the overall 
lesion remineralisation. 
1. Pre-conditioning WSL surfaces using PAA-BAG air-
abrasion removed an ultra-thin, clinically insignificant layer 
from the lesion surface. 
2.  This pre-conditioning increased the average surface 
roughness of the lesion.   
3. These physical modifications enhanced the subsequent 
remineralisation therapies using bioactive glass 45S5 
assessed by (a) the increased mineral content, (b) 
improved mechanical properties and (c) the ultra-structural 
changes and therefore, may be recommended clinically to 
promote the mineral uptake during the remineralisation 
therapy.  
4. Pre-conditioning WSLs using PAA-BAG air-abrasion 
promoted remineralisation both at the surface and 
subsurface the WSL areas, whilst the use of acid-etching 
only enhanced the remineralisation at the subsurface level.  
5. The use of BAG 45S5 slurry as a remineralisation agent 
exhibited a superior remineralisation benefit when 
compared to BAG paste, and therefore, might be 
considered for further development. 
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Minimum intervention (MI) care is the physician’s holistic team-care approach 
with the patient to help prevent the oral disease from occurring in the first instance 
(primary prevention), from becoming established (secondary prevention) and 
from recurring due to the failure of patients’ adherence to preventive regimes and 
restorative treatment failure (tertiary prevention) (Featherstone and Doméjean, 
2012). Minimally invasive dentistry (MID) is part of this minimum intervention care 
philosophy which focuses on the tooth-preserving operative techniques to restore 
teeth aiming to retain the maximum quantity of intact, repairable dental tissues 
(Peters and McLean, 2001b). Currently, there is no available operative technique 
with a purely “self-limiting” nature to excavate selectively the irreparable carious 
tissues and resin-based restorative materials (Cochrane et al., 2012b; Banerjee, 
2013).  
 
Table 1-1; p: 27 outlines the clinical operative technologies available with their 
main features. The hand-excavators, chemo-mechanical systems and polymeric 
burs might be more useful to excavate selectively the irreparable carious tissues 
when compared to other clinical methods. However, these techniques cannot 
provide adequate enamel access, essential for efficient / controlled caries 
excavation, implying that the use of other operative techniques is still required. 
Operative techniques which can be used clinically to prepare enamel include 
rotary instruments, ultrasonics / sono-abrasion instruments, dental lasers and air-
abrasion.  
 
The use of rotary instrumentation is ineffective in preserving the healthy sound 
enamel during the cutting procedure since the tactile sensation decreases with 
the increasing speed of this technology (Yip and Samaranayake, 1998). 
Undesirable tooth over-preparation may also occur using air-abrasion due to the 
lack of conventional tactile feedback, relied upon by dentists (Banerjee and 
Watson, 2002). The results of the present studies demonstrated that the 
ultraconservative cutting characteristics of BAG air-abrasion can be promoted by 
altering its operating parameters, thus enhancing its role as an operative 
technique in MID. The consideration of these operating parameters improved the 
selective removal of resin composite restorative material, one of the most 
common procedures in Conservative Dentistry, and permitted pre-conditioning 
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the softened surfaces of enamel WSLs by removing only an ultra-thin layer 
(approximately 5 µm) from the lesion surface.  
 
The present studies used non-contact profilometry with a high vertical resolution 
(10 nm) to measure the volume (mm3) of material removed. Measuring the 
substrate removal volume (3D measurement) to assess the cutting efficiency 
rather than measuring the depth of preparations (2D measurement) was 
beneficial since air-abrasion removes material unevenly. This was observed 
when increasing the nozzle-substrate distance or adjusting the nozzle angle to 
45 degrees which promoted the cutting efficiency of the system according to the 
volume measurements, whilst the cutting pattern of these settings produced a 
reduced depth (see Figure 3-7; p: 98 and Figure 3-8; p: 99). Therefore, the 2D 
measurement is not the most representative method for assessing the cutting 
efficiency of air-abrasion. 
 
Using ultrasonics / sono-abrasion instruments may develop cracks within the 
brittle enamel substrate in particular, at the stage of finishing cavity margins due 
to the oscillation of these instruments (Vieira et al., 2007; Tassery et al., 2013; 
Decup and Lasfargues, 2014). The 3D images of surfaces prepared using BAG 
air-abrasion in Chapters 3 and 4 revealed rounded cavo-surface margins and 
internal line angles with micro-roughness. Those features provide an ideal 
surface for dental adhesive restorative materials and might be useful to pre-
condition the resin composite restoration rather than removing it when repairing 
defective restorations. 
 
The effect of powder flow rate changes has been shown to be clinically and 
statistically significant in regard to the efficacy of the air-abrasion cutting effect 
(Jost-Brinkmann, 1998; Cook et al., 2001; Paolinelis et al., 2009). It is important 
that the manufacturers of air-abrasion technology should supply and highlight this 
important information for the clinical end user. Banerjee et al. (2008b) and Honda 
et al. (2008) showed that the powder flow rate was affected significantly by the 
powder reservoir volume and the air-abrasion nozzle design. The current study 
revealed that the emitted powder flow rate was also affected considerably by the 
powder-admix mechanism and the air pressure. The experiments conducted in 
Chapter 2 suggest a protocol to calibrate air-abrasion systems prior to any further 
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investigation. Clinically, a constant PFR is preferable to obtain a homogenous 
and efficient cutting pattern. In addition, controlling air pressure and PFR 
independently could be useful for specific clinical purposes such as the removal 
of resin composite restorations and pre-conditioning dental surfaces using 
bioactive materials. 
 
The clinical use of BAG air-abrasion requires adequate training to benefit from its 
cutting characteristics and to avoid the undesirable over-preparation. As with 
other clinical operative techniques, BAG air-abrasion exhibits the lack of a pure 
“self-limiting” nature, when managing dentine caries (Paolinelis et al., 2008; 
Wang et al., 2011b). This indicates that further developments are still required to 
enhance the performance of this technology with regards to dentine caries. These 
developments might include the introduction of a self-selective air-abrasive 
powder for caries infected dentine. This depends on the fact that dental tissues 
exhibit a wide variation in their mechanical / physical properties (see Table 1-8; 
p: 44), which perhaps restrains the use of a single air-abrasive powder for all 
operative procedures in MI Conservative Dentistry. In the future, different 
abrasive powders might be used according to the clinical practice; BAG for 
enamel preparation and resin composite removal, PAA-BAG for pre-conditioning 
enamel WSLs to promote the remineralisation process, and probably a new 
abrasive powder for excavating selectively irreparable carious dentine.  
 
The second experimental section of this thesis focused on the remineralisation of 
enamel white spot lesions using BAG 45S5 technology. Although the enamel 
WSL has been characterised histologically as early as 1918 by Hopewell-Smith 
and there is ample evidence to show that enamel WSLs can be remineralised in-
vitro and in-vivo, the non-operative therapy of this type of early lesion is still the 
subject of investigation. This investigation aims to analyse the complex physico-
chemical interaction between remineralisation agents and enamel structure, to 
promote and accelerate the remineralisation process and to translate the 
research findings from the laboratory to the clinic. In minimum intervention (MI) 
and minimally invasive dentistry, the enamel WSL should be treated non-
invasively by inhibiting the demineralisation and enhancing the remineralisation 
process (Featherstone, 2009). Figure 7-2 outlines the different approaches to 



















































One of the clinical approaches to inhibit further demineralisation of an enamel 
WSL is to infiltrate the pore spaces with a low-viscosity light-cured resin such as 
Icon®-Inﬁltrant. This treatment aims to fill the pores of the lesion, provide 
mechanical support to the remaining tissue, inhibit the demineralisation process 
and improve the aesthetic appearance of a WSL (Robinson et al., 2001; Mueller 
et al., 2006). In this system, the resin application should be proceeded by pre-
conditioning the lesion surfaces using 15% HCl (Paris et al., 2007; Neuhaus et 
al., 2012). Using HCl acid, however, removes a considerable amount of enamel 
that may extend up to 50 µm into the lesion, which might be equivalent to the 
whole lesion depth itself (Meyer-Lueckel et al., 2007). In addition, it has been 
demonstrated that the infiltrated resin may be degraded over time exposing the 
weakly demineralised body of the lesion to further caries progression (Van 
Landuyt et al., 2011; Neuhaus et al., 2012). This approach is time-consuming and 
technique sensitive and requires patients’ cooperation through several 
procedural steps (Ekstrand et al., 2012). In addition, the potential leakage at the 
resin-enamel interface may cause discoloration of treated lesions and therefore, 
there is a need for clinical evaluation of the colour stability of lesions infiltrated 
with resin (Cohen‐Carneiro et al., 2013; Borges et al., 2014). The main limitation 
of this approach is that the lesion pores are sealed by the resin preventing the 
potential repair of the lesion structure by the dynamic remineralisation process 
within the oral cavity (Brunton et al., 2013). According to current dental literature, 
more in-vitro studies and clinical trials are still required to ascertain the long-term 
success of this treatment (Yim et al., 2014).  
 
The application of a remineralising therapy is preferable to repair the damaged 
lesion structure and to reduce the pores size / volume of pores within the lesion 
body (Walsh and Brostek, 2013). The use of fluoride in enamel de- and 
remineralisation is well-documented. However, repairing the incipient enamel 
WSL using fluoride is a slow process, limited by the bioavailability of calcium and 
phosphate ions (Cochrane et al., 2010). The apatite creation induced by BAG 
45S5 is chemically and structurally equivalent to the mineral phase in bone and 
tooth (Wen et al., 2000). Therefore, BAG has the potential to remineralise enamel 
WSLs. The multi-analytical approach used in the present studies permitted the 
assessment of the mechanical, chemical, optical and ultra-structural changes 
within the same WSLs following the remineralisation therapy using BAG 45S5 
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mixtures, which has not been reported in previous studies evaluating the 
remineralisation of enamel WSLs using BAG 45S5; Alauddin et al. (2005) used 
confocal laser scanning microscopy (CLSM) in their study, Burwell et al. (2009) 
and Guo et al. (2014) measured the microhardness and scanned the surfaces 
using SEM, Rehder Neto et al. (2009) measured the surface Knoop 
microhardness, Gjorgievska et al. (2013) scanned the samples using SEM-EDX 
and finally, Ballard et al. (2013) evaluated the structural changes using a 
photographic camera and non-contact profilometry.  
 
Raman micro-spectroscopy was used in the current study to characterise 
quantitatively the mineral content of enamel. The parameters used to acquire the 
Raman images lead to a high resolution of 2.7 µm which was sufficient to identify 
the mineral content of the treated lesion (approximately 70-100 µm deep). It has 
been suggested that Raman spectroscopy might be used clinically, in particular 
to aid in cancer diagnosis (Bakker Schut et al., 2000; Caspers et al., 2003). 
Developing Raman spectroscopy for the clinical dental applications using an 
optical fibre probe could introduce a promising diagnostic technique to assess the 
chemical content of carious lesions in-vivo in the future. This development might 
enable dental care professionals to assess the demineralisation degree within the 
lesion and to monitor the mineral recovery during the remineralisation therapy. 
 
One of the fundamental requirements for an efficient remineralisation material is 
that it diffuses or delivers calcium and phosphate into the subsurface (Zero, 
2006). The HCA crystal induced by BAG 45S5 exhibited approximately 50 nm 
thickness (Wen et al., 2000), and therefore these crystals could penetrate the 
pores of WSL surfaces which are approximately 200-300 nm wide (see 
Figure 6-16; p: 172). The microscopy analysis and OCT scans indicated that the 
mineral precipitations induced by BAG 45S5 mixtures penetrated the lesion 
surface through to the lesion body. The SEM analysis of the fractured sections 
(Figure 6-16; p: 172) permitted the direct observation of these precipitations 
within the lesion depth. In fact, the complete repair of WSLs had not occurred 
using this therapy even when the surfaces were pre-conditioned prior to 
remineralisation. The incomplete remineralisation of WSLs has been reported in 
the dental literature using other remineralisation systems in vitro and in vivo (Al-
Khateeb et al., 1998; Beerens et al., 2010). This could be attributed to the fact 
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that surface pores might be occluded by the “newly” formed mineral precipitated 
reducing the access of ions to the body of the lesion and thus, restricting the 
remineralisation to the outermost lesion surface (Robinson et al., 1990). This 
might be also explained since the “new” minerals formed are not deposited and 
diffused in the same way as those of sound enamel crystals (Ogaard, 1989). 
Other factors such as the shape, the orientation and the dimensions of “new” 
minerals can affect the distribution of the minerals along the lesion structures 
(Fan et al., 2009).       
 
One of the proposed solutions to the problem of the incomplete remineralisation 
of WSLs was the use of the remineralisation agent in a reduced concentration in 
order to promote the gradual complete recovery (O'reilly and Featherstone, 
1987). However, both in-vitro and in-vivo studies demonstrated the still 
incomplete WSL remineralisation using this approach (Al-Khateeb et al., 1998; 
Zero, 2006). Another suggested technique to increase the remineralisation of a 
WSL is pre-conditioning the early lesion surface with phosphoric acid to increase 
the porosity of the lesion surface (Collys et al., 1991; Flaitz and Hicks, 1993; Al-
Khateeb et al., 2000; Al-Khateeb et al., 2014). The profilometry and Raman 
dataset in the present study revealed that pre-conditioning the lesion surface 
using phosphoric acid deteriorated the integrity of the lesion structure and did not 
promote the mineral precipitates at the lesion surface. Therefore, the use of this 
technique to increase the mineral gain of a WSL is questionable since it exhibits 
a rather destructive nature due to the demineralisation effect of phosphoric acid 
as discussed earlier in this thesis. Alternatively, pre-conditioning WSL surfaces 
with PAA-BAG air-abrasion modified the lesion surface physically by removing 
an ultra-thin surface layer and increasing the lesion’s surface area. This approach 
enhanced the remineralisation effect using BAG 45S5 therapy, but did not 
achieve the optimal complete recovery.  
 
A promising solution has been reported in the dental literature depending on 
using biomimetic remineralisation strategies. Non-collagenous protein analogues 
such as polyacrylic acid (PAA) and sodium trimetaphosphate are incorporated in 
the carrier vehicle to bind the calcium and phosphate ions forming nano-
precursors, including amorphous calcium phosphate, small enough to penetrate 
the carious lesion more effectively. These nano-precursors then undergo self-
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assembly and crystallographic alignment forming a crystalline structure within the 
lesion depth (Iijima and Moradian-Oldak, 2004; Liu et al., 2011; Qi et al., 2012; 
Niu et al., 2014). This approach has been recognised to remineralise dentine 
caries. In this study, an initial investigation was conducted to consider the impact 
of incorporating PAA in BAG therapy on the remineralisation of enamel WSLs. 
The FTIR and SEM results suggested that PAA interacted in the formation of the 
HCA induced by BAG 45S5, with smaller minerals formed and deposited on the 
superficial surfaces of treated WSLs. However, the role of PAA in the 
remineralisation process has not been identified in this study and therefore, the 
PAA-BAG composition was only considered as an air-abrasive powder at this 
stage. Further investigations are still required.  
 
Another biomimetic remineralisation route has been proposed using oligometric 
β-sheet-forming peptides that undergo hierarchical self-assembling to provide 3D 
biomimetic scaffolds capable of nucleating hydroxyapatite de novo (Kirkham et 
al., 2007). It has been shown that a single treatment of self-assembling peptide 
(P11-4) promoted WSL remineralisation in-vivo, providing a promising therapeutic 
option in minimally invasive dentistry (MID) (Brunton et al., 2013). The unique 
feature of the peptide biomimetic route is the use of an injectable bioactive 
material which in turn, facilitated the clinical translation of this system (Brunton et 
al., 2013), whilst in the non-collagenous protein analogue biomimetic route, the 
specimens were immersed in a remineralisation solution containing the 
biomimetic analogue which is inapplicable clinically (Niu et al., 2014).  
 
In order for any remineralisation strategy to be useful clinically, it should exhibit a 
rapid rate of action (Featherstone et al., 1981). Therefore, using a dissolvable 
remineralisation agent with biomimetic strategies may accelerate the repair 
process when compared to the use of biomimetic strategies alone since salivary 
minerals can assist enamel remineralisation, but within a limited range due to pH 
fluctuations in vivo (Eisenburger et al., 2001; Huang et al., 2013). The beneficial 
effect of fluoride in enamel WSL remineralisation is limited by the bioavailability 
of fluoride in-vivo, which decreases rapidly to reach the baseline level (0.02-0.15 
ppm F-) only after 2 hours of fluoride application (Naumova et al., 2010). BAG 
45S5 can act as a source of calcium and phosphate ions with a high bioactivity 
index (IB = 12.5) compared to other bioactive materials such as hydroxyapatite 
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(IB = 3.1) (Hench, 1988). Therefore, it has the potential to remineralise enamel 
white spot lesions with an increased rate of HCA formation. Referring back to 
Figure 7-2; p: 189, it seems that the efficient WSL remineralisation outcomes 
might be obtained using a combination of different techniques including (a); 
minimising / altering the patient caries risk factors to inhibit the demineralisation 
process at source, (b); pre-conditioning the lesion surface using PAA-BAG air-
abrasion to increase the surface area exposing the subsurface structures, (c); the 
remineralisation treatment with BAG 45S5 to provide external calcium and 
phosphate ions with the intention of promoting and accelerating enamel 
remineralisation and (d): the use of biomimetic strategies to control the crystal 
shape / dimensions and to organise the distribution of the “new” minerals through 
the whole lesion depth. This suggested multi-step protocol requires further in-
vitro and in-situ investigations prior to clinical introduction.  
   
In conclusion, this thesis has demonstrated that the cutting efficiency / pattern of 
BAG air-abrasion can be adjusted according to the clinical application by 
controlling the system’s operating parameters, and has showed that BAG 45S5 
mixtures can remineralise enamel WSLs paving the way for further development 
to promote the remineralisation process. Therefore, further work is justified to 
assess the clinical effectiveness of BAG air-abrasion system in managing non-
invasively, the carious lesion in situ and in vivo.          















Suggestions for future work 
1. In-situ and in-vivo studies to assess enamel WSL remineralisation using 
BAG 45S5 slurry, including unconditioned and pre-conditioned lesions 
with PAA-BAG air-abrasion. 
 
2. Detect the mechanism(s) by which PAA modified the shape of the mineral 
depositions when it was incorporated into BAG 45S5.  
  
3. Develop self-selective air-abrasive powder for caries infected dentine.  
 
4. Translate the in-vitro measurement of enamel mineral content using 
Raman micro-spectroscopy into a clinical approach by developing an in-
vivo Raman spectroscopic optical fibre probe system for clinical dental 
applications.    
  
5. Examine the antibacterial efficacy of BAG 45S5 on dental plaque 
development and detect the effect of this interaction on enamel de- and 
remineralisation.      
 
6. Further developing the remineralisation of enamel WSLs using BAG 
technology with biomimetic remineralisation strategies through the same 
experimental set-up conducted in this thesis.    
 
 
(Hopewell-Smith, 1918) (Alauddin et al., 2005) (Burwell et al., 2009b) (Rehder 
Neto et al., 2009)  (Gjorgievska et al., 2013) (Ballard et al., 2013) (Hopewell-
Smith, 1918) (Ballard et al., 2013) (Honda et al., 2008) (Taira et al., 1990) (Zero, 
2006) (Burwell et al., 2009b) (Chen et al., 2013) (Bader et al., 2001) (Rehder Neto 
et al., 2009) (Huang et al., 2013) (Reynolds, 2008)  (Banerjee et al., 2000a) 
(Huang et al., 2010) (Silverstone et al., 1981) (Gilchrist et al., 2007) 
(Gjorgievska et al., 2013) (Van Dorp et al., 1990) (Jones et al., 2006) 
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